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Measurements of the ('y,  p) reaction have been made using targets 12 C, 14N, 27A1 
and 209 Bi at the MAX Laboratory, University of Lund. A photon tagging tech-
nique was used to produce photons of mean energies 43.7 and 52 MeV for 209Bi 
while the other targets were studied at 73.5 MeV mean photon energy. The proton 
detection system used comprised hyperpure germanium and silicon strip detectors. 
Differential cross sections have been extracted for discrete excitation states in the 
residual nuclei over an angular range of approximately 600  to 1200.  The results 
show, in general, a trend anticipated on the basis of previous measurements. The 
Direct Knockout (DKO) calculations tend to reproduce experimental shapes but 
underestimate the data with the exception of 209Bi where the difference between 
the calculations and the data is much less. An estimate of meson-exchange cur-
rents (MEC) effects using Siegert's theorem brings the DKO calculations on av-
erage closer to the data. MEC effects, however, are less important for 209Bi. 
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There are four fundamental forces known to exist in nature: the electromag-
netic interaction, the gravitation, the weak interaction and the strong interaction. 
Whereas the electromagnetic interaction and gravitation can be studied on a mac-
roscopic scale, an investigation of the weak and the strong interactions is confined 
to microscopic systems. Though both electromagnetic and weak interactions also 
play an important role in determining the properties of nuclei, it is the strong 
interaction which holds neutrons and protons together and dictates the dynamics 
of these particles inside a nucleus. The description of a nuclear system is based 
on models rather than on first principle theories because the many-body problem 
can not be solved exactly and because the interaction is not really well known. 
One successful and simple model worth mentioning is the Independent Par -
ticle Shell Model (IPSM), a model which serves as a basis for many sophisticated 
calculations. In this model each nucleon moves in a mean field potential generated 
by the other nucleons. The addition of a spin-orbit term to the mean field po-
tential enables it to predict correctly many properties of nuclei. The IPSM owes 
its success to the Pauli exclusion principle which excludes identical fermions oc-
cupying the same state and thus prohibits transitions of nucleons to states already 
occupied. As a consequence the wavefunction of a single nucleon resembles to a 
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good approximation that of a particle in a one-body potential, as is assumed in 
IPSM. 
This model, however, is unable to explain all experimental observations which 
necessitates the consideration of the residual interaction (the difference between 
the nucleon-nucleon interaction and the common potential). It is through con-
siderations of this residual interaction that the model is able to describe nuclear 
structure and medium to short range nuclear correlations. In order to study the 
nature of the residual interaction a nucleus is probed experimentally using either 
hadronic or electromagnetic probes. The electromagnetic probes involve either 
real or virtual photons in the initial state. This subset of nuclear reactions which 
involve real photons is referred to as photo-nuclear reactions and it is the knock-
out of protons from nuclei by the absorption of real photons—namely the On p) 
reactions that this thesis is concerned with. 
The advantage of using a photon as the projectile is two-fold. It involves 
the electromagnetic interaction which disturbs the nucleus very little prior to 
the main interaction and this interaction is relatively well-known allowing rather 
clear conclusions to be drawn about nuclear properties. Using hadronic probes 
on the other hand the uncertainties concerning the nuclear interaction and the 
strong perturbation of the target nucleus by the projectile radically complicate 
the analysis. The reactions studied here are ' 4N(7,p) 13C and 209Bi(y,p) 208Pb. 
The experiment concerning the ' 4N(-y, p) 13C reaction was performed using a mean 
photon energy E1, = 73.5 MeV whereas the experiment for the latter reaction was 
carried out using E = 43.7 and 52 MeV. Both experiments were performed at 
the tagged photon facility of the MAXLAB in Lund, Sweden. 
Prior to this work it was known that the comparison of the excitation spectra 
from the 12 C(-y,p) 11B and the 12 C(e, e'p)"B reactions shows that the discrete 
states are populated with the same relative strengths in both reactions, with the 
exception of an unresolved triplet at MeV ((Er, J) = (6.74, Z ), (6.79, 1+) 
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(7.29, )) observed in the 12 C(7,p) measurement [Sho88, Ste85a, Ste88]. This 
triplet is populated by the ('', p) reaction with a much greater relative strength 
to that for (e, e'p) than the ip shell proton hole states. This effect becomes even 
more pronounced at higher energies and more backward scattering angles i.e. as 
the momentum mismatch is increased. Several explanations [Sch78, Sho88, Spr90, 
Ste90, Sim921 have been put forward to account for this observation with varying 
degrees of success. 
A possible explanation of the observed strength could be the excitation of 
the (6.74, Z ) state by a direct knockout mechanism, the relatively higher cross 
sections at the larger momentum mismatches being a consequence of high mo-
mentum components in the liz  wavefunction relative to lp  and  ip'.  A similar 
argument is to assume that the (6.79, ) state is excited through high momentum 
components in the 2s wavefunction. Alternately, however, it could be assumed 
that one or more of the states at E 7 MeV are strongly excited through the 
modified quasideuteron process, in which the excited neutron is captured back into 
its initial orbit or a higher orbit. Another possibility that has been considered is a 
two-step process in which a lp shell proton is knocked out followed by excitation 
of the r state through final state interactions. 
None of the above explanations, however, is completely free from criticism and 
the conclusions remain clouded by the uncertain composition of the unresolved 
triplet in the 12 C('y,p) spectra. This confusion was the basis for the 14N(7,p) 
measurements. ' 4N is sufficiently similar to 12 C for effects common to both be 
observed. The one proton-hole states relative to the 14N ground state corres-
ponding to removal of 2sg, ld z and lfz protons are all sufficiently well separated 
in energy to be resolved both among themselves and from the ip proton hole 
states. The study of the 14 N('y, p) reaction is therefore anticipated to shed light 
on how these states are excited as a function of momentum mismatch without any 
ambiguities regarding the nature of the states. There have already been meaure-
ments [1re93] taken at E7 60 MeV. Present measurements extend momentum 
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mismatch range from P m  280-335 MeV/c for E7 60 MeV to Pm 320390 
MeV/c for E7  r.' 75 MeV. This range matches approximately that used in the 
12 C('y, p) study. This then allows the higher momentum components of the wave-
function to be investigated in a region well beyond that attained using the (e, e'p) 
reaction. 
Since the nitrogen target was a composite material containing aluminium, 
limited measurements of the 27A1(7, p) reaction were also obtained for subtrac-
tion to extract the 14N('y, p) measurements. As the calibration of the focal plane 
detectors in off-line analysis was done using the 12 C(7,po) reaction, this contrib-
uted to the 12C(7,p) measurements as well. 
The choice of a 209Bi target was based on the following three reasons. Firstly, 
the nucleus 209Bi is unique amongst stable nuclei in that it has a single proton 
outside a doubly magic nuclear core. In the case of the 209Bi(y, p) 208Pb reaction 
leading to the ground state of 208Pb, a single proton in a well defined orbit 1h 
is removed leaving the 208Pb intact. The presence or absence of this reaction 
channel will establish the relative importance of the Direct Knockout Mechan-
ism (DKO) or mechanisms based on nucleon-nucleon correlations. Secondly, the 
population of excited states will allow detailed calculations to be compared with 
results from the (y, p) reactions leading to lplh states in a closed shell nucleus 
for the first time. These excited states are expected to be two broad groups of 
states observed in proton pick-up reactions such as 209Bi(d, 3 He) 208Pb [McC70]. 
The lower energy group (r4.1 MeV) corresponds to configurations of the type 
7r[1h, (3s)'] and 7r[1h, (2d) 1 ] whereas the higher energy group (r5.4  MeV) 
corresponds to ir[1h, (1h11 )'] and ir[1h, (2d) 1 ]. Thirdly, the present measure-
ments will complete the set of reactions 209Bi(7,p), 209Bi(e, e'p), 208Pb(7,p) and 
208Pb(e, e'p). The latter three measurements already exist in references [Bob94, 
Bob95a, Bob95b, 1,663]. Siiice a proton removed from the two targets leads to 
states with different structures, a proton hole and 1p2h for 208Pb and lplh for 
209Bi, these results will provide a stringent test of theory. Note that the nucleus 
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208Pb was chosen because its size and high density make it a fair approximation 
to uniform nuclear matter making calculations more reliable. 
The remainder of the thesis is organised as follows. Chapter 2 contains a 
brief description of both phenomenological models and theoretical approaches. 
The phenomenological models are The Direct Knockout and The Quasi-Deuteron 
models. The calculations mentioned are based on meson exchange (Gari-Hebach), 
the cr-w model, L-isobar excitation, two-step processes and the Random Phase 
Approximation (RPA) scheme. Techniques for the production of photon beams 
are mentioned in the latter part of chapter 2 with the main emphasis on bremsst-
rahiung radiation and tagging techniques. The chapter ends with a comparison 
of ('y, p) reactions with other reactions. The main part of chapter 3 deals briefly 
with the main part of the experiment, i.e. the electron beam handling system, the 
tagging and proton detection systems and the electronics and the data acquisition 
system. Data analysis is described in chapter 4. Finally, discussion of results is 
dealt with in chapter 5 which ends with concluding remarks and an outlook to 
possible future directions in this area. 
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Chapter 2 
Theoretical and Experimental 
Review 
A nuclear model is a simple solvable physical system that mimics some of the 
characteristics of the real nucleus. A model should always reduce to soluble prob-
lems, and often to a relatively simple soluble problem. The model will therefore 
be expected to have a limited applicability and fail at least in some aspects. 
This chapter describes, in some detail the phenomenological models and the-
oretical calculations put forward to explain the mechanism of the ('y,p) reac-
tion. The phenomenological models are The Direct Knockout and The Quasi-
Deuteron models, while the calculations touched upon are: Meson Exchange cal-
culations, Relativistic calculations, The Isobar Contribution, Two step Charge 
Exchange Contribution and Random Phase Approximation (RPA). A brief ac-
count of photon sources is given in section 2.5. The previous measurements and 
main conclusions of those measurements are presented in section 2.6. The chapter 
finishes with a comparison between the ('y, p) reaction and other relevant reactions. 
2.1 Direct Knockout (DKO) Model 
The DKO model is the simplest picture of a photonuclear reaction. The scenario 
for a (y, p) reaction involves a photon coupling to a proton inside a nucleus and 
raising it from a bound state of negative energy to a continuum state of positive 
energy. 
In the Plane Wave Impulse Approximation (PWIA), in which the outgoing proton 
is represented by a plane wave, the ('y, p) differential cross section is given as 
[Lon79]: 
dcr 	 1 (2j+1) 
= C(K7
, q) (2ir) 3 (21 + 1) 
i Inijm(q)I 2 , 	(2.1) 
m 
where q(= p,., = K - K7 ) is called the missing momentum, 
C(K7 , q) = 	
K 	K 2 
2 K7dEf(M25ml+2M2 	 (2.2) 
Ef is the final total energy of the system 
Ef = 	+ M2 + /(K7 —K) 2  + ML1 	 (2.3) 
K and K7 are the proton and photon momenta respectively. M is the mass 
of the proton and MA_i the mass of the residual nucleus. The proton magnetic 
moment is yp and 0 is a single particle wavefunction. The angle O is the angle 
between the emitted proton and the incident photon. The first term in equation 
2.2 accounts for the coupling of the photon with the convection current and the 
second term is due to its interaction with the spin of the proton. 
In this approximation the differential cross section divided by the kinematical 
factor C is identified as the square of the single particle wavefunction, the single-
particle momentum density evaluated at momentum q. Since (q) is the Fourier 
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transform of the proton single particle wavefunction in r-space a measurement of 
differential cross section yields information on the nucleon wavefunctions. Since 
the kinematics of the ('y, p) reaction in the DKO model require the proton to have 
a large initial momentum, the (, p) cross sections directly provide information 
on the high momentum components (presently up to 5 fm') [Bof8l] of single 
particle wavefunctions. In contrast, (e, e'p) and (p, 2p) reactions shed light on the 
low momentum (up to 1.5 fm') [Bof8l] components of the wavefunctions [Jac66]. 
DWIA and Optical Potential 
The PWIA is useful for studying important features of (dy,  p) reactions. A more 
accurate picture of the DKO model, however, would consider the fact that a 
proton after interacting with photon and before leaving the nucleus is likely to 
be involved in what is called Final State Interactions (FSIs) with the residual 
nucleus. These interactions are accounted for in the Distorted Wave Impulse Ap-
proximation (DWIA) by a suitable choice of an optical potential. The optical 
potential distorts the wavefunction of the outgoing proton and is complex and 
energy-dependent. The real part shifts PWIA momentum distributions towards 
lower values and the imaginary part causes a reduction of the PWIA cross sections 
[Bof81]. In short, the role of the optical potential is determinant in affecting both 
the size and the shape of the energy and angular distributions. In most distorted 
wave calculations the final state wavefunction is calculated from an optical po-
tential derived from nucleon-nucleus scattering data, the nucleus being preferably 
that of the residual nucleus in the ('y, p) reaction. 
The inclusion of FSIs results in an unfactorised differential cross section. 
Findlay and Owens however retained the factorised form of by treating FSIs dfl 
in an approximate way. The effect of the imaginary component was simulated by 
using an energy-independent absorption factor i while the effect of the energy-
dependent real part was to reduce the energy of the photoproton as it leaves 
the nucleus, without affecting its direction (i.e., momentum) noticeably. In this 
way they extracted nucleon momentum distributions from the '60(,p) [Fin76, 
Fin78] and 12 C(7, p) [Fin77b] reactions. It should be noted though that the correct 
treatment of DKO should involve the spin-orbit term in the optical potential. The 
inclusion of this term introduces a spin dependence of the distorted wave which 
requires the use of an unfactorised cross section [Bof8Ob]. Boffi et al. [Bof8l] 
obtained large effects by varying the depth of the real central part of the optical 
potential and the radius and the depth of the real spin-orbit term. In the same 
paper they also found the results to be sensitive to the involved bound states. 
Some Refinements 
Corrections of a two-body character may be important since the one-body nucleon 
current violates guage invariance but are difficult to treat in nuclei. In addition, 
Boffi et al. [Bof84] suggested that before introducing more complicated mechan-
isms some relevant refinements are necessary to the one-body transition. These 
refinements concern orthogonality, antisymmetry and center of mass (c.m.) mo-
tion. 
Orthoganlity and anti-symmetrisation 
The problem of orthogonality arises from the use of a potential to calculate the 
initial bound state, which is different to that used to calculate the final continuum 
state wavefunction. This is inconsistent with the use of the time dependent per-
turbation theory on which these calculations depend. However, different authors 
[Fin72, Gar8l, Bof84] have estimated the size of effects of non-orthogonal wave-
functions on the cross sections. The inclusion of truncation effects, brought about 
by the ignoring of the inelastic channels in DKO reactions in a suitable effective 
transition operator, removes the orthogonality defect. The condition that the out-




The effect of the c.m. motion on the transition operator is usually [Heb76, Gar8l] 
simulated by a multipole dependent effective charge derived in the long wavelength 
limit. Such energy-independent effective charges simply renormalise the multipole 
transition operator and might be a poor approximation in the intermediate energy 
region. The correct treatment of the c.m. motion destroys the single particle 
nature of the transition operator and produces recoil terms where the photon 
interacts with the residual nucleus. The importance of the recoil contribution was 
emphasised by Senè et al [Sen83, Sen85a, Sen85b] for the case of 7Li(7,p) where 
recoil effects were large. 
The DKO model is able to explain (7,po)  data for incident photon energies 
up to about 100 MeV [Bof8l]. In the same approach (7, n) cross sections would 
be very small because of the weak interaction of the neutron spin-current with 
the photon at those energies. In actual observations the ('y, n) cross sections are 
in fact comparable to the ('y,p) cross sections. This fact causes us to consider 
nucleon correlations which lead to another phenomenological model called the 
'quasi-deuteron model'. 
2.2 The Quasi-Deuteron Model 
The main limitation of the DKO model lies in its inability to explain ( -y, n) cross 
sections in the intermediate photon energy range. Moreover, this model is inad-
equate to explain the ('y, P0) data above 100 MeV and only reasonably satisfies this 
data below 100 MeV. These factors led the development of this phenomenological 
model which involves correlation between nucleons. 
Levinger's version 
This model was first proposed by Levinger [Lev5l] as a mechanism for generat- 
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ing the nucleon high momentum states necessary in the photo-effect through the 
strong interactions among the nuclear particles. The model assumes that photo-
absorption takes place on correlated neutron-proton pairs within a nucleus. The 
relatively small photon wavelengths ensure that the interaction takes place with a 
nucleon-nucleon pair and the predominantly electric-dipole nature of the interac-
tion implies photoabsorption only by neutron-proton pairs. Levinger showed that 
the nuclear photoabsorption cross section aqd(E7 ) can be expressed in terms of 
the free deuteron photodisintegration cross section ad(E7 ), 
0 qd(E7
) = L!crd(El) 	
(2.4) 
which may be calculated or obtained experimentally. L is the Levinger constant 
and is a measure of the increase in the probability that the members of a pair 
will be within a suitable interaction distance in the nucleus compared with that 
in the free deuteron [0di56, Wat56], NZ is the number of neutron-proton pairs 
in the nucleus of mass number A and ad(E) is the deuteron photodisintegration 
cross section. Different authors have used different values of the free-parameter L 
to fit their data. This model was later modified by Levinger himself [Lev79] and 
Schoch [Sch78] in different ways. 
Levinger's modified version 
Levinger argued that at photon energies comparable to the Fermi energy in the 
nucleus there would be strong damping of the cross section crqd due to Pauli 
blocking of final states for the neutron and/or proton emitted from the quasi-
deuteron. He simulated this blocking by introducing a one-parameter function, 
exp(—D/E 7 ). The modified quasi-deuteron cross section is then; 




 _)ad(E7) 	 (2.5) 
where D is found by a fit to the data. 
The difficulty in separating the effects of the Levinger constant and the Pauli-
Blocking function in equation 2.5 has resulted in a substantial ambiguity in the L 
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and D values used by different groups; they range from L = 4.9 and D = 60 MeV 
[Pra88} to L = 10 and D = 80 MeV [A1b84]. 
Chadwick et al. [Cha9l] have rigorously derived the Pauli blocking function. 
In the intermediate photon energy range they approximated their function by a 
fourth order polynomial in E7 . Their approach also fixes the value of the otherwise 
free parameter L as 6.5. Note that Levinger's original calculations gave L = 6.4. 
Chadwick et al. obtained good agreement with the data. 
Schoch's modified version 
In Schoch's [Sch78] Modified Quasi-Deuteron (MQD) Model for the exclusive 
(y, N) process the photon is absorbed initially by an n-p pair within the nuc-
leus. One of these nucleons is emitted while the other remains in the nucleus. 
Schoch expressed the (ny, p) differential cross section (with a similar relation for 
(7,n)) as; 
Ldo 
= A(K7,Op)C(K7,Op) 	 (2.6)  dQd 
with 
do, / do " 
d1ld 	= dQd 	
JP8 	 (2.7) 
c.m. 
and 
C(K7,9) = IM(K7' \ Pu 
12 	 (2.8) 
Here (i-) 	is the differential cross section for the photodisintegration of the d c.m. 
deuteron in the c.m. system. J is the Jacobian for the transformation from 
the c.m. to the laboratory system. P5 corrects for the different phase space 
in the (p, A-i) system compared to the (n, p) system. A is the mass number 
and L the Levinger constant. The number of n-p pairs is contained in C. The 
factor C(K7, O)  represents the ability of the nucleus to absorb the transferred 
momentum q; in this model it represents the ability of the neutron from the 
quasi-deuteron to absorb q. M(K 7 , O) is the overlap integral. It contains a 
ground state form factor for neutrons in the A-i system which is a function of 
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missing momentum q. The shape of the cross section is determined by this form 
factor over a wide kinematical region. 
Schoch compared his calculations with the data [Fin76, Mat77, Sch74, Sch75] 
for the 160(7,  po ) 15N and 160(7,  no)' 5 0 reactions and found a satisfactory agree-
ment between them. These calculations were also quite successful in explaining 
the qualitative features of both the 7 Li('y,p) and 7Li('y, n) cross sections [Sen83, 
Sen85a, Sen85b]. 
The MQD picture of Schoch met its first failure when it tried to explain 
160(7, P0) data at forward angles [Sch80]. The discrepancy was explained in the 
following way. The photodisintegration cross section of the deuteron in the forward 
direction is dominated by the the D admixture in the deuteron wavefunction. This 
cross section is also one of the ingredients in the modified quasi-deuteron model. 
There is no reason, however, to believe that correlated (n-p) pairs in complex 
nuclei behave in these fine details of the wavefunction in the same way as in the 
deuteron. 
Physical significance of the QDM 
Eden et al. [Ede9l] have questioned the similarity of the deuteron and quasi-
deuteron photoabsorption matrix elements. They noticed that it is not possible 
for all nucleon-nucleon correlations in nuclear matter to share the restricted spec-
troscopic description that is found in the deuteron (i.e., an antisymmetric wave-
function constructed by coupling two fermions of orbital angular momentum 1 and 
1' to a total orbital angular momentum, spin and isospin of L, S, T, is nonvan-
ishing only if 1 + l'+L+S+T is an odd integer). With a quantitative illustration 
of this point they concluded that ('y, np) angular correlation predictions are dom-
inated by the momentum density function which gives a reasonable estimate of 
the momentum distribution of the bound state np-pair, and do not require the 
quasideuteron and deuteron photoabsorption matrix elements to be similar. Even 
quite serious errors are unlikely to be revealed and can be partially hidden by an 
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appropriate choice of the Levinger parameter. 
The reasonable success of Quasi-Deuteron type models to explain both (y, p) 
and ('y, n) data in the intermediate energy range motivated a consideration of 
nucleon-nucleon correlations at a deeper level. 
2.3 Nucleon-Nucleon Correlations 
Several researchers, [e.g., Gor63, Tar68a, Fin74], have realised the need to cmsider 
nucleon-nucleon correlations in theoretical calculations to describe the photonuc-
lear reactions. These correlations arise from the residual interaction which is not 
included in the DKO model that uses single particle wavefunctions in the frame-
work of IPSM. These correlations are present in the quasi-deuteron model in, the 
form of a differential cross section of the deuteron. 
The treatment of the residual interaction as a perturbation includes long 
range correlations in the calculations. The inclusion of these long range correl-
ations results in a depletion of subshells below the Fermi level and a filling of 
subshells above the Fermi level. On the other hand, the ('y, p) reaction explores 
the high momentum components of the wavefunction which are caused by short 
range correlations (SRCs). Since SRCs are strong they can not be treate& as a 
perturbation and are included into DKO calculations by using Jastrow corrátion 
factors. 
Weise and Huber [W670, Wei7l, Wei72] introduced phenomenologicay, the 
short range correlations in the framework of an independent particle model Wiow -
ing a suggestion by Jastrow [Jas55]. In this approach, the correlated many-body 
wavefunction 'b(1, 2,..., A) can be written as 
0(r1 ,r 2
, .., FA) = b(r1 ,r2
, ... , rA)Hll>kf(rkl) 
Where 1' is the usual shell-model wavefunction, e.g. a Slater determinant corn- 
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posed of single particle wavefunctions. The correlation factors f(rkl) are functions 
of the internucleonic distance rk, = Irk - r i l with the property of approaching 
zero and one for small and very large internucleonic distances, respectively. The 
deviations from the shell-model behaviour are introduced by defining f(rk,) = 
1 - g(rk ). A suitable form of correlation function f(r) = 1 - j o (qr) simulates the 
exchange of a definite momentum (hq) between two otherwise independent nuc-
leons. They found that for hq200 MeV/c, the order of magnitude of the cross 
sections for ( -y, p) and ('y, n) is reproduced. 
Fink et al. [Fin72], on the other hand, pointed out that this choice of correla-
tion factor is quite inappropriate and results in correlation functions not 'healing' 
properly within the volume of the nucleus. They derived a correlation factor 
systematically from the Bethe-Goldstone equation and obtained correlated wave-
functions with much better healing properties. The reason that Jastrow functions 
with free parameters can give almost any answer was explained as follows. Since 
Jastrow components with many low momentum components essentially change 
the single particle wavefunctions [Rip70, Gau71], they can destroy orthogonality 
between initial and final state wavefunctions and may give large cross sections. 
They also noted that a single particle model having orthogonal bound and scatter-
ing states fails to reproduce the magnitude of (y, p) and (y, n) cross sections. The 
fact that the bulk of the momentum components contained within the Jastrow 
factor g(r) used by them lie within the range 400 to 1200 MeV/c, led them to 
conclude that short-range correlations are not important for the reactions 
and ('y, n) in the energy region from 40 to 100 MeV. 
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2.4 Various Other Approaches 
2.4.1 Meson Exchange Calculations 
Gari and Hebach performed their calculations at a microscopic level. They de-
composed the total transition matrix into four different contributions, namely, 
(i) shell model part, (ii) meson-exchange part (iii) initial state correlations and 
(iv) final state correlations. The meson-exchange part accounts for that part of 
the nucleon-nucleon correlations which are coupled directly to the electromagnetic 
field. This approach enabled them to keep track of physical processes occurring 
in the reactions. 
They carried out numerical calculations to obtain ('y, p) and ('y, n) cross sec-
tions for 4He [Gar74a, Gar74b], 12 C and 16  [Heb76], and (y,pn) calculations for 
16  [Heb76]. They found that the meson-exchange part plays a vital role in bring-
ing the calculations into good overall agreement with the data. Introduction of 
the initial and final state correlations produces only minor changes. The exchange 
contribution dominates both in (-y, p) and ('y, n) reactions but correlations enter 
more sensitively in the (-y, n) reactions. Their work is also able to explain the 
dominance of the ('y, pn) reactions in contrast to the ('y, pp) and ('y, nn) reactions. 
All the major findings of their work have been collated in a review paper [Gar8l]. 
Gari and Hebach were also able to maintain the orthogonality between initial 
and final state wavefunctions which was absent in other calculations. In main-
taining this orthogonality they had to use an unrealistically deep potential which 
resulted in the quenching of the DKO contribution. These calculations, therefore, 
drew some criticism [Lei85, Mat791 and put in question the relative importance 
of different mechanisms. 
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2.4.2 Relativistic Calculations 
A relativistic approach to nuclear physics has been developed over the past several 
years. This approach is based on the Dirac equations for nucleons and a o-w 
mean-field approximation [Wa174]. The model is characterised by having large 
scalar and vector potentials which arise from sigma and omega meson exchange 
between nucleons respectively. The scalar potential is attractive while the vector 
potential is repulsive and each component is of the order of 400 MeV. McDermott 
et al. [McD88] and Lotz and Sherif [Lot88] performed (7, P0)  calculations within 
this framework for 16 0 and 40 Ca separately. Their results showed reasonable 
agreement with each other and with the data, especially at lower energies and 
more forward angles. The results imply that the single nucleon model is more 
important to higher momentum transfers than is indicated by non-relativistic 
calculations. There is, however, a need to improve these calculations by including 
core polarisation effects and isobar amplitudes. 
2.4.3 The Isobar Contribution 
Londergan and Nixon [Lon76, Lon79] performed microscopic calculations for the 
(-y, p) reaction and evaluated the isobar contribution to the reaction mechanism. 
These calculations were claimed to be parameter free since all significant para-
meters were taken from independent experiments. In their calculation of 160 
the isobar amplitude becomes appreciable for large angle protons (O ~: 135°) at 
photon energies of about 100 MeV, whereas for smaller angles the isobar amp-
litude does not dominate until photon energies are approximately 250 MeV. As 
the excitation and decay of L is symmetrical for p and n, the calculations pre-
dicted essentially equal (7, p) and ('y, n) cross sections in the region where isobar 
production is the dominant amplitude. The model, however, does not match 
quantitatively with the ('y, p) data. 
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Cheung and Keister [Che86] re-examined the role of the isobar amplitude in 
the (-y, p) reaction and found that the size of the intermediate L contribution is 
smaller than that calculated by Londergan and Nixon, sometimes by an order of 
magnitude. Their findings implied that depending on the combined conditions 
of target nucleus, energy and angle, the intermediate L contribution can be an 
important contribution to the ('y, p) reaction. 
2.4.4 Two-Step Charge Exchange Contribution 
A charge exchange process was invoked to explain (7, n) cross sections within 
the DKO picture. In this process a proton after interacting with the incoming 
photon undergoes a (p, n) reaction with the residual nucleus and results in neut-
ron emission. Contanch [Con78] calculated this contribution from the process 
160(7,p)'5N(p, n) 150 for the photonuclear reaction 160(7,  n)'50. The effect was 
found to be 50% of the one-step cross section. Boffi et al. [Bof85] also carried 
out a similar calculation and found the substantial role of the charge-exchange 
mechanism in the ('y, n) case. The direct (7,p) cross section was found to be in-
sensitive to the charge-exchange mechanism. Despite its significant contribution 
the charge-exchange mechanism is still insufficient to make the size of the (-y, n) 
cross section comparable to that of the (y, p) as found experimentally. 
2.4.5 Random Phase Approximation (RPA) 
In RPA the ground state and the excited states are treated symmetrically, both 
having particle-hole pairs. The excited states can be reached either by creating 
or destroying particle-hole pairs in the ground state. The RPA is thus able to 
account for the strong lplh excitations observed in many nuclei with a relatively 
simple calculation. The calculations of Cavinato et al. [Cav84] and Ryckebusch 
et al. [Ryc87, Ryc88] made within this framework have shown reasonable success 
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in explaining ('y, p) and ('y, n) data. 
2.5 Photon sources 
2.5.1 Bremsstrahlung Photon-Difference Met hod 
A large amount of photonuclear data has employed 'monochromatic' photons using 
the bremsstrahlung photon-difference technique. There exist various versions of 
this technique, the simplest of which requires measurements of the bremsstrahlung 
induced yields at electron energies T1 = k + ik and T2 = k and forms an appro-
priately normalised difference between the two sets of data in order to obtain the 
cross section for a given reaction at photon energy k. The version gives a good 
cancellation of the intensity at low photon energies but yields an asymmetric and 
broad-base high energy photon peak. Alternatively measurements can be taken 
using a set of bremsstrahlung spectra, at least five which are required to produce 
an adequate cancellation at lower photon energies and produce a more symmetric 
and narrow-base photon peak. The measured yields for different electron energies 
Y(T 1 ) and the assumed known bremsstrahlung spectra q(T2 , k) are used to unfold 
cross sections [Pen59b, Coo63] from the following integral equation 
Y(T) 
= fT 
(k)[ (Ti , k)/k]dk. 
This unfolding procedure has several disadvantages such as the magnification of 
statistical errors and systematic fluctuations, the requirement of an extremely 
accurate beam energy and flux monitoring and a precise knowledge of the high 
photon energy region of the bremsstrahlung spectrum which is not known ac-
curately both experimentally and theoretically. Matthews and Owens [Mat7l] 
developed another version of the photon difference technique which uses two 
bremsstrahlung radiators for two slightly different electron energies. They ob-
tained a photon peak of about 2 MeV resolution and made a quantitative com- 
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parison of this method with conventional bremsstrahlung unfolding techniques 
and found it superior in terms of the time required to achieve a given statist-
ical accuracy in a photonuclear cross section measurement. A major drawback 
however is the increasing inaccuracy of the subtraction with higher E. 
Note that there is one other way of using a bremsstrahlung spectrum. This 
method relies on 'end-point' kinematics and works well for those residual nuclei 
whose excitation levels are sufficiently separated. Here the ('y, p) cross sections 
are extracted from the experimental data by constructing a 'theoretical' proton 
spectrum. 
dN dk dcr1 
= 	[nzSl[ (T,k)-]]— 
U.LJp 	
2 
Where 	is the cross section for reactions leading to the ith excited state, n is dn 
target density (nuclei/cm 2) and AQ is the solid angle. The resulting spectrum 
is fitted to the data by treating the cross sections 	as adjustable parameters dn 
[Lei85, Tur85, Lei86J. 
2.5.2 Tagging Technique 
The photon tagging technique has been employed in the experiments described in 
this thesis. A more detailed account of this method is given in chapter 3. The 
technique basically involves measurement of the energy of the electron (Ee') which 
has emitted a bremsstrahlung photon. Since the incident electron beam energy 
(Ee ) is known, the energy of the photon is calculated by 
E7 = Ee - Ee'. 
The determination of photon energy by this method relies upon a coincidence 
between a reaction product entering the detector and the scattered electron. Since 
the ratio of real to random events is proportional to the duty factor, it is essential 
to use high duty cycle accelerators. This has been achieved through the use 
of either a microtron accelerator [Her76] or by stretching out pulses from a low 
20 
duty factor accelerator in a synchrotron ring [Lin90]. The tagged photon flux 
rate obtained is 10 7/s and the monochromaticity of the photons is defined by 
the energy resolution of the spectrometer and focal plane detector. Details of 
some typical facilities can be seen in reference [Ke185] for the photon tagger used 
with the MAMI-A accelerator at Mainz, Germany and reference [Ad190] for the 
machine at the MAXLAB in Lund, Sweden. 
2.5.3 Positron Annihilation in Flight 
The annihilation-photon method consists of producing a beam of fast positrons 
having a desired energy Ee+ and allowing this beam to strike a thin, low-Z target, 
thus producing, in the forward direction, a monoenergetic beam of annihilation 
photons (where the photon energy is E7 = E+ + 0.76 MeV, the latter term being 
of the rest mass of the annihilating pair). This method was first suggested by 
Tzara [Tza57] and has been developed and studied at several laboratories since, 
principally at Saclay and at Livermore. 
A detailed description can be found in [Ber75]. In brief, positrons are pro-
duced by pair production from the bremsstrahlung which is created by an intense 
beam of high-energy electrons from a high-current Linac striking a thick, high-Z 
converter. It is advantageous to use a high incident electron energy because not 
only the bremsstrahlung and pair-production cross sections increase with energy 
but positrons are also emitted into an increasingly narrow cone. Positrons have 
been produced both along the accelerator (the Livermore system) and at the end 
of the accelerator (the Saclay system). The photonuclear measurements taken us-
ing this method also include data due to positron bremsstrahlung. To correct for 
this bremsstrahlung measurements are also taken with electrons and the resulting 
spectra are subtracted. The main limitation of the annihilation-photon method 
is that the analysed positron beam current is substantially less than the electron 
beam current, even with the most efficient conversion and focusing system. 
21 
2.5.4 Laser Backscattering Technique 
The laser backscattering technique has been pioneered at the Adone facility at 
Frascati [Fre79]. This technique involves production of a good beam of photons 
by backward compton scattering of an intense polarised laser beam by high energy 
electrons. The major problem is low beam flux (5 x 10 4 photons/s) which is caused 
by a strong collimation which is required to obtain a monochromatic beam since 
the scattered photon energy is strongly dependent on the scattering angle. A way 
round this problem is to tag the electron thus avoiding the need for collimation 
[San89]. One particular advantage however is the small amount of degradation of 
the laser photons by the scattering interaction thus a high energy linearly polarised 
photon beam can be made available. 
2.6 Previous Photonuclear Measurements 
A limited account of previous measurements is recorded in table 2.1. It is intended 
purely to give some idea of the various targets, photon sources, detection system 
etc. which have been employed to study photonuclear reactions. The follow-
:ing short—hand has been used; BP—Bremsstrahlung Photon, TP—Tagged Photon, 
AFP—Annihilation in Flight Photon, CC—Cloud Chamber, PSC—Plastic Scintil-
lator Counter, SC—Scintillator Counter, MS—Magnetic Spectrometer, MDC—Mult-
iwire Drift Chamber, GLLS—Gadolinium-Loaded Liquid Scintillator, SB—Surface 
Barrier detector, PSPST—Position Sensitive Plastic Scintillator Telescope, SSD-
Silicon Strip Detector, HPGe—High Purity Germanium detector and LS—Liquid 
scintillator. 
The main conclusions that can be drawn from those measurements in the 
intermediate energy region (40-140 MeV) are as follows: 
The ('y,p) and ('y, n) cross sections are of comparable magnitudes. 
The angular distributions for ('y,  p) and (-y, n) are forward peaked becoming 
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(-y,po) BP CsI 22-58 30-150 Pen59a 
160 (y,p) BP CC up to 170 0-180 Gor63 
(7,n) 
(7,pn) 
(-y,p) BP CC up to 170 0-180 Tar68a, 
(7,n) Tar68b 
(y,pn) 
6 Li, 7 Li (-y,p) BP PSC up to 100 45-126 Mat68 
12' 
(7,n) BP PSC 64-128 30-142 Mi171 
12C, 160 (7,n) BP SC 60-150 40.2-142.2 Sch74 
12j (y,p) BP MS+SC 60,80,100 30-150 Fin74 
6 Li, 7 Li (-y,p) BP MS+SC 60,80,100 30-150 Mat76 
9 Be, 12 C 
160 (7,po) BP MS+SC 40-105 30-150 Fin77a 
160 (7,po) BP MDC+SC 100-300 45,90,135 Mat77 
Pb (-y,xn) AFP GLLS 25-106 Lep78 
12 C, 16 Q (y,no) BP PSC 60 40-150 Gor80 
160 (-y,no) BP PSC 60 40-150 Gor82 
160 
(-i,) BP MS+MDC+SC 100-400 45,90,135 Lei85 
40Ca (-y,po) BP MS+DC+SC 100-300 45,90,135 Lei86 
7 Li (-y,p) BP MS+SB 60-120 30-150 Sen83 
(y, n) 
(,p) TP PS 60,80 30-135 McG86 
(-y,pn) TP PSPST 83-133 0,=55-125 Dan88 
PS 9=67-127 
12 (-y,n) TP LS 30-100 65 Har88 
(-y,p) TP SSD+HPGe 60 60-120 Sho88 
(-y,p) TP SSD+HPGe 49-78.5 65-115 Spr90 
12C, 160 (y,p) TP SSD+HPGe 61,77 90 Hoo90 
40Ca 
40Ca (-y,n) TP LS 31.2-102 45-135 Ede91 
27 A1 (,p) TP SSD+HPGe 46-65 60-105 Sad93 
12 C, 14 N (-y,p) TP SSD+HPGe 60 60-120 Ire93 
27 A1, 51 i 
208 pb (-y,p) TP SSD+HPGe 45,54 50-130 Bob94 
Table 2.1: Previous Measurements. 
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more so for increasing E. 
Both the total cross section (crj0j ) and the differential cross section (du/dl) 
decrease almost exponentially with increasing E7 up to at least 100 MeV. 
Nucleon-nucleon correlations should be invoked in calculations. 
The idea of a QDM type mechanism is supported by a substantial fraction of 
absorption cross section data. 
2.7 Comparison With Other Reactions 
In principle, several reactions, such as pick-up reactions ((d, 3 He), ( 3 He,4 He), 
etc.), (p, 2p) and (e, e'p) reactions, can explore high momentum components of 
the nucleon wave functions. 
There are some major problems involved in these pick-up reactions. Both the 
incoming and the outgoing particles interact with the target via the strong inter-
action which is not sufficiently well understood. Distortion effects are, therefore, 
greater than had an electromagnetic probe been used. The tendency of these com-
posite particles to become 'dissolved' in the interior of the target nucleus limits 
the pick-up reactions to nearer the nuclear surface thereby probing the outermost 
shells. The advantage of these reactions, however, is that they do not necessarily 
require coincidence measurements and the use of a magnetic spectrometer enables 
different states in the residual nucleus to be resolved. 
Considerable distortion effects are also present in the (p, 2p) reaction since 
there are three strongly interacting particles involved. It thus becomes difficult 
to extract any detailed information about nucleon momentum distributions. One 
advantage though is that the (p, 2p) reaction exhibits a much larger cross section 
(a factor of iO) than the (e, e'p) reaction. 
The (e, e'p) and (y, p) reactions are induced electromagnetically, (e, e'p) pro- 
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ceeding via a virtual photon in contrast to the real photon in the (-y, p) reaction. 
These two reactions have so far played complementary roles, the (e, e'p) invest-
igating the lower momentum components due to experimental constraints and 
('y, p) looking at the high momentum part of the wavefunction. Recently how-
ever Bobeldijk et al. [Bob95a] have studied high momentum (300-500 MeV/c) 
components of proton momentum distributions using the (e, e'p) reaction. There 
are two significant differences between ('y, p) and (e, e'p) reactions. Firstly, the 
kinematics of (e, e'p) allows the transferred energy and momentum to be varied 
independently of each other. Secondly, the electromagnetic field of the electron 
contains both longitudinal and transverse components as opposed to the purely 
transverse field of the real photon. The nuclear response to the longitudinal field 
can be studied under certain kinematical conditions using (e, e'p) reaction. Thus 





The greater part of this chapter is concerned with a detailed description of the 
experimental apparatus and method. The data presented in this thesis were col-
lected in two separate runs. After the first run a new tagging spectrometer was 
developed and this was used for the second run. The main description of the 
experiment applies to both runs and the differences will be mentioned where ap-
propriate. 
A pulsed electron beam, produced by a low duty cycle microtron, is stretched 
in a synchrotron ring which has the dual purpose of being a pulse stretcher and 
a storage ring. On ejection from the pulse stretcher, the electron beam is made 
to fall on a Bremsstrahlung target (BT) where a very small percentage produces 
bremsstrahlung radiation in the form of a narrow forward focussed cone of photons. 
This beam is passed through collimators before hitting the target. 
Electrons leaving the BT having produced bremsstrahlung photons are deflec-
ted by a tagging magnet onto an array of focal plane (FP) scintillator detectors. 
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Here, the energy of the photons can be determined. The bulk of electrons, not 
producing bremsstrahlung photons, is diverted by the same magnet to a beam 
dump. 
Particles produced by the ('y, p) reaction in the target enter detection systems 
on either side of the beam. Each one is capable of identifying the type, energy 
and direction of the particle. A coincidence between a charged particle in one of 
the detection systems and an electron on the focal plane detector is used to 'tag' 
the energy of the photon causing the reaction. 
3.2 Electron Beam Handling 
A brief outline of the electron handling system, viz., the MAX accelerating system, 
is given here. A more detailed account can be seen in references [Eri82, Lin83, 
Lin9O]. 
A race-track microtron provides a 50 Hz pulsed electron-beam with energies 
up to Ee  = 100 MeV and an energy spread of 0.1 MeV. The electron beam energy 
for run A, the 12 C, 14 N and 27A1 run, was 95 MeV and for run B, the 209Bi run, 
it was 75 MeV. Pulse length can be varied between 0.1 and 1.0 'as, with a usual 
length being 0.5 ps. This electron pulse is then injected into a pulse stretcher-
storage 1 ring by multiturn injection where it is stretched out over a period of 20 
ms. A higher duty factor ( 80%) at 75 MeV electron beam reduces to 50-60% at 
95 MeV due to an increase in synchrotron radiation losses which makes it difficult 
to keep the ring filled at the higher beam energy. At Ee  = 75 and 95 MeV injection 
energy the radiation loss amounts to 22 and 56 KeV/ms respectively, resulting in 
'The ring at the MAX lab is designed to be used as a storage ring as well as a pulse stretcher. 
When operated in a storage mode, the ring is filled with repeated injections of electrons which 
are then accelerated up to the maximum energy of 550 MeV and used as a source of synchrotron 
radiation. 
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iE75 = 0.44 MeV and AE 95 = 1.12 MeV over the extraction time of 20 ms. The 
extracted electron beam has a typical intensity of 10-30 nA. 
3.3 Tagging System 
The Lund photon tagging facility comprises of a bremsstrahlung radiator, a tag- 
ging spectrometer and FP detector arrays. A schematic view of the tagging system 












Figure 3.1: Schematic plan view of the tagging system. Here, BT is the 
Bremsstrahlung target. 
to the radiator. The thickness of the radiator is a compromise between two op-
posing requirements. The need to avoid multiple electron scattering necessitates 
the use of a thin radiator and the production of a decent photon flux demands a 
thick radiator. For a typical radiator, only a small fraction (< 1%) of the electron 
beam produces bremsstrahlung photons. The spectrometer bends these electrons 
onto the FP detector arrays. From the position of the electron detector that gives 
a signal it is possible to derive the energy Ee' of the electron leaving the BT. This 
allows the photon energy E7 to be deduced using the equation Ky = Ee - Ee'. 
The remainder of the electron beam is diverted into a beam dump thus preventing 
any background contribution from the (e, e'p) reaction. A FP detector array is a 
number of individual scintillation detectors, each giving a defined residual elec-
tron energy. The width of the scintillator defines the energy resolution of the focal 
plane. A 12 C(-y, p o)"B reaction is used to calibrate the focal-plane detectors. 
Normally the radiator is a 50 pm Al foil which gives a singles count rate in 
the scintillators of the focal plane of about 0.5 MHz at an electron current in the 
beam dump of 30 nA. For Te = 95 MeV (i.e., run A), however, a 160 jtm thick 
radiator was used. 
Two tagging spectrometers of different design have been used. The descrip-
tion of the older tagging system is given in reference [Ad190], whereas details on 
the new tagging system have been obtained through private communication with 
K. Hansen [Ad195]. 
The older tagging spectrometer was designed to be used mainly in the giant 
resonance region, this required a magnet with inclined pole faces to have a large 
solid angle (60 msr). The size of the magnet was determined by the condition 
that the difference in flight times between the shortest and longest trajectory 
for electrons with the same energy be less than 1 ns over the whole FP. The 
magnetic field was mapped with a calibrated Hall probe and the position of the 
FP detector was determined by using ray-tracing routines for this field. The 
momentum acceptance of the spectrometer was such that Pmax Pmin = 3:2. 
Monte Carlo calculations made on the bremsstrahlung process showed that 95% 
or more of the bremsstrahlung electrons with energies in the range of the FP fall 
within a cone of half-angle 6°. The design of the tagging system for measurements 
of the giant resonance energy region required the focal plane detectors to be placed 
inside the same vacuum chamber as the radiator. 
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An array of 22 plastic scintillators (NE102A) fulfilled the basic requirements of 
high detection efficiency for electrons passing the detectors, viz, a time resolution 
of '1 ns, an energy resolution of 0.3% and a count rate capability > 1MHz. 
The focal plane of the spectrometer formed an angle of 550  with the edge of the 
tagging magnet and the individual focal scintillator planes were tilted at an angle, 
with respect to the magnet edge, of 33•50•  Their dimensions were 5 mm thick, 50 
mm high and 18.65 mm along the focal plane with a 4.95 mm overlap between 
adjacent scintillators. 
Circular light guides brought the light out of the vacuum chamber onto pho-
tomultiplier tubes. Thin aluminium foils were used as reflecting material and the 
light guides were in addition wrapped in teflon tape. The light collection efficiency 
of this arrangement was measured at around 25%. Philips PM1911 photomulti-
plier tubes were used. They have a diameter of 18 mm enabling them to fit into 
the space available. Signals from the photomultipliers, connected to the focal 
plane scintillators, provided both energy information and a standard time pulse. 
The timing pulse taken from a constant fraction discriminator was fed to the in-
dividual 'stop' inputs of all TDC (time to digital converter) channels. The 'start' 
signal was provided by the proton detection system. 
The new spectrometer which is in use at present has parallel pole faces and 
thus subtends a smaller solid angle (22 msr). It is of Elbeck type and is sim-
ilar to the one used in Mainz [Ant9l]. In the large solid angle mode the whole 
bremsstrahlung spectrum is used and photons between 0.1 < < 0.8 can be 
tagged. 
The FP detectors are arranged in two planes of 32 scintillators of type NE 102. 
The scintillators are 80 mm long with a rhomboid shape, the small angle being 
35° and the large one 145°. These angles minimise the number of double hits in 
adjacent detectors and give a surface length along the FP of 5.5 mm. A design 
of 64 detectors located outside the vacuum chamber with a thin stainless steel 
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window interface makes modifications of the FP easier, it also enables a broader 
energy range to be tagged in intervals. 
As before, short circular light guide connects the scintillator to the 8 mm 
PhotoMultiplier Tube (PMT). The light guide is 37.5 mm long at the centre. 
However, both end surfaces are at an angle of 72 0 making the photomultiplier 
tilt at 36° against the scintillator axis. Light guides are arranged so that every 
second PMT points upward while the rest point downwards. The PMTs chosen 
are manufactured by Hamamatsu and are of type R1635-02. 
The central tagged photon energy in run A is E = 73.5 MeV at Te = 95 MeV. 
The size of the energy bite was determined by the length of the focal plane and 
was .-.' 8 MeV. In run B mean photon energies were 43.74 and 52 MeV at Te 
= 75 MeV with energy bites of around 8 MeV. Since the intensity distribution 
of bremsstrahlung photons varies roughly as e, a large number of untagged 
photons reach the target and contribute to the background. 
A set of two collimators is used to produce a well-defined photon beam. 
The first collimator essentially determines the size of the beam while the second 
collimator (called a scrubber) removes the scattered photon flux. Between the two 
collimators there is a cleaning magnet which sweeps away the charged particles 
produced from the photon scattering. Polaroid films are exposed to the beam for 
a short time to determine the position and radius of the beam. 
3.4 Tagging Efficiency 
The tagging efficiency for an individual FP detector is defined as the number of 
tagged photons per energy interval divided by the number of electrons counted in 
that particular FP element. In run A the detector used was lead-glass Cerenkov 
counter whereas the run B used a so called spaghetti detector. The spaghetti 
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detector (Pb/SCIFI) is made up of a longitudinal oriented mixture of scintillating 
fibres and lead alloy plates. The electron beam intensity is taken down to about 
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Figure 3.2: A logarithmic plot of tagger calibration spectrum. 
0.3 % of its normal value (30 nA) to avoid pile-up in the photon detector. A signal 
from any one of the FP detectors is used as a trigger to the data collection system, 
as a start signal to the TDCs and as a gate generator. A coincidence is needed 
between any of the FP element and the photon detector in order to generate an 
ADC spectrum from the latter. A typical spectrum is shown in figure 3.2. 
Tagging efficiency here is the ratio of the number of counts above channel 25 
in this spectrum to the total number of counts including underfiows. The tagging 
efficiency has been found to be independent of the type of photon detector, the 
intensity of the electron beam and the thickness of the radiator. It primarily 
depends on collimator size and photon energy. The dependence on photon energy 
is caused by the increased forward-peaking of the bremsstrahlung spectrum at 
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Figure 3.3: Tagging efficiency of scintillators on focal plane array 1 and on focal 
plane used in Run A. 
higher energies and the reduced multiple scattering of the electrons in the radiator 
foil. The results of tagging efficiency measurements are shown in figures 3.3 and 
3.4. 
3.5 Proton Detection System 
Proton detection is carried out using detector telescopes 2 , each consisting of two 
silicon strip detectors (SSDs) and one hyperpure germanium detector (HPGe). A 
telescope lies on either side of the target at an angle of 90 0 . The target was placed 
end on to the beam in run A while the whole set-up was rotated by 20 0 with 
respect to the beam for run B. Since an angled target intercepts the full photon 
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Figure 3.4: Tagging efficiency of scintillators on focal plane array 2. 
beam it makes possible the measurements of absolute cross sections. 
A schematic view of the target and detector arrangement is shown in figure 
3.5. Figure 3.6 shows the interception of the beam with the target viewed from 
either telescope, this was the case in run A where beam was end on to the target. 
The relevant distances are given in table 3.1 for each run. Details of how the 
active detector volume in HPGe is determined by gamma ray scanning technique 
are given in [Spr88, Ire9l, Sad911. 
The choice of the angle of 200  for the target in run B is a compromise between 
requirements to minimise the target size (large angle preferred) and to maximise 
the solid angle by putting the detectors close to the target (small angle preferred). 
Each SSD in each telescope comprises of 25 vertically oriented strips. The corn-




Telescope #1 	 Telescope #2 
Figure 3.5: Sketch of the two proton detectors and target. 
Target 
Figure 3.6: Interception of the photon beam with the target when beam is end on 
to the target. A is the area of interception. 
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RunA 
Distance in mm telescope1 telescope#2 
target—front SSD 34.6 34.6 
front SSD— back SSD 18.9 18.9 
target—HPGe detector 74.9 72.4 
IU 	• 
_L I• 
Distance in mm 	 telescope#1 telescope#2 
target—frontSSD 	54.05 ± 0.5 54.05 + 0.5 
front SSD— back SSD 	9.7 ± 0.5 	10.6 ± 0.5 
back SSD—HPGe detector 14.0 + 0.5 	13.5 ± 0.5 
Table 3.1: Hardware dimensions of the proton telescopes 
energy of the proton is mainly deposited in the HPGe. A 2d plot of i.E sig-
nals from the SSDs along y-a.xis and E signal from the HPGe along the x-axis 
distinguishes protons from electrons and other reaction products. 
3.5.1 Hyper-pure Germanium Detectors 
The HPGe detectors are cylindrical planar germanium crystals in which the cir-
cular surfaces are the contacts. Table 3.2 shows active dimensions of the crystals 
along with the manufacturer's quoted values. The detector is essentially a semi-
conductor p-n junction. Electron-hole pairs created in the depletion region by the 
incoming radiations are swept to the contacts of the diode by the electric field as-
sociated with the reverse bias voltage. The front contact of the detector is a thin 
ion-implanted p-type layer and the rear contact is made by diffusing lithium to a 
nominal thickness of 300 jim. The current pulse from the detector is integrated 
by a charge sensitive pre-amplifier. 
Table 3.3 shows various parameters concerning HPGe and SSDs as used for 
runs A and B. Unlike lithium drifted germanium detector (Ge(Li)), an HPGe does 
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not need to be maintained constantly at a liquid nitrogen temperature (77 K), 
instead it is only cooled during operation in order to reduce the thermal current 
through the diode. 
HPGe#1 HPGe#2 
serial no. PGP2020/G121 D-1109(R-708) 
crystal's active diameter (mm) 
(manufacturer's quoted diameter) 
50.0 ± 1.5 
(50.5) 
49.1 ± 1.0 
(49.2) 
crystal's active depth (mm) 
(manufacturer's quoted depth) 
15.0 ± 1.5 
(20.0) 
9.0 ± 1.0 
(10.0) 
distance crystal- 9 Be window (mm) 8.0 + 1.5 10.0 ± 1.0 
Table 3.2: Comparison of measured and quoted dimensions of HPGe crystal 
The HPGe crystals are housed in a muzzle some 25 cm long and 55 mm 
diameter ending in a 0.5 mm thick Be window. A permanent vacuum fills the 
space between the housing and the crystal. The use of Be minimises the energy 
loss and energy straggling for ionising particles entering the HPGe housing. A 
cold finger connects the HPGe crystal thermally to the liquid nitrogen dewar. 
Previous test measurements [Spr88] showed an energy resolution of about 
400 keV for 18 MeV protons from 13 C(3 He, p) reaction. With higher proton 
energies however, as is the case in both runs, the amount of energy lost in the Be 
window is much less. Thus with a low contribution to the energy straggling from 
the Be window the figure of 400 KeV is certainly an overestimate. Measurements 
[Ire9 1] for timing resolution give a figure of 2-3 ns for HPGe# 1 and a slightly worse 
(because of low bias voltage) but still acceptable figure for HPGe#2. These figures 
were obtained [Spr88] using a 90Sr source of /3 particles which have an end-point 
energy of 2.28 MeV. It is reasonable therefore to anticipate a significantly better 
timing resolution with the much larger signal produced when the detector is used 
to detect protons with energies of a few tens of MeV. 
Using HPGe crystals there is a small probability of protons being scattered 
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inelastically in the detectors by Ge nuclei. The result is the production of a 
low energy continuum and possibly secondary peaks in the energy spectrum. In 
the present analysis, a iE—E cut on protons eliminates most of these events. 
Carison et al. [Car8l] have quantified these reaction probabilities using their own 
experimental data points as follows: 
P(%) = —3.51 10_2  + 4.49 10-3; + 1.58 - 10[ 2 - 6.28• 1O 6T, 	(3.1) 
Where T is expressed in MeV. The probabilities and the difference in probabilities 
along the focal plane corresponding to states of interest are likely to be significantly 
smaller than other experimental uncertainties, so the effect can be neglected. 
RunA RunB 
Reactions 12 C(7,p) 11 B, ' 4 N(-y,p)' 3 C, 27 A1(7,p) 26 Mg 209 Bi(y,p) 208 Pb 
Electron energy 95 MeV 75 MeV 
Duty factor 50% 78% 
Extracted beam current 8 nA 22 nA 
Energy decrease in burst 1.2 MeV/20 ms 0.44 MeV/20 ms 
Radiator thickness 160 ,tm 50 pm 
Mean tagged photon energy 73.5 MeV 43.7 MeV, 52 MeV 
Width of individual scintillators 400 KeV 250 KeV 
Average tagging efficiency 28.8% 18.24%, 19.86% 
Tagged 7-flux on target 106 /s 3 x 105 1s 
Distance collimator-target 365 ± 2 mm 550 ± 2 mm 
•Target angle 00 200 ± 0.4° 
Effective solid angle tel #1 185 msr 238 msr 
Effective solid angle tel #2 185 msr 214 msr 
Table 3.3: Various parameters of the two runs 
3.5.2 Silicon Strip Detectors 
All SSDs were manufactured using the planar process by Micron Semiconductor 
Ltd. They consist of a p-doped n-type silicon wafer 3 with a thickness of about 500 
m. Onto the active area, measuring 50 x 50 mm 2 , aluminium is evaporated in 
the form of 25 vertically oriented parallel strips which serve as electrical contacts. 
3 A more detailed description of the manufacturing process is given in reference [Yor89]. 
cm 
Each strip is 50 mm long and 1.9 mm wide and the inter-strip region measures 
0.1 mm. A bias voltage of about 110 V is required for full depletion. Leakage 
currents are typically 1 1zA for the whole device at room temperature. 
Accurate positioning, in telescope#1, of both SSDs in relation to the HPGe 
crystal is achieved using an aluminium frame which is fixed to a base plate to 
which the cryostat of the HPGe detector is also securely bolted. This frame is 
extended to the other side of the detector so that the other two SSDs can also be 
mounted on the same frame as a top-mounted cryostat on HPGe#2 makes it more 
difficult to construct a frame around it. The detector is positioned by guiding its 
nozzle through a hole into the light tight box surrounding all the detectors. A 
light-tight box is necessary since SSDs are light sensitive. 
Energy resolution test measurements [Ire9l] show that FWHMs of the peaks 
from 20713i conversion electrons are about 15 KeV which is more than adequate for 
present purposes. Timing resolution tests [Spr88] carried out in a similar fashion 
to those on the HPGe detector using a 90Sr /3 source gave a resolution of about 
6 ns. This large resolution poses no problem since the reference timing signal was 
derived from the HPGe detectors. 
Instrumentation of the SSDs 
The Edinburgh Nuclear physics group in collaboration with the SERC Rutherford-
Appleton Laboratory designed and produced a system to read out the SSD signals 
[Tho90]. The charge sensitive type pre-ampliflers are made using thick film hybrid 
electronics. Each one is on a separate chip roughly 3 x 1.5 cm in size which plugs 
into a motherboard configured to match a specific detector design. The pre-
amps must be as close to the SSDs as possible to minimise the effects of pickup 
in any connecting cabling; hence the reason for the integrated SSD mount and 
motherboard housing box. 
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Twisted pair ribbon cables carry the signals from the experimental area to the 
shaping amplifiers in the on-line analysis room. An aluminised mylar foil screens 
each cable and a thick flexible PVC jacket is wrapped around it. A thick 'drain' 
wire is threaded along the length of the cables to provide contact to a good earth. 
Cabling in this way costs a quarter of the cost of equivalent BNC coaxial cabling. 
The shaping amplifiers are surface mounted boards eight of which are plugged 
into a standard double height Eurocard. Each amplifier card performs two func-
tions. Firstly, it generates 'shaped' pulses from the pre-amplifier tail pulses which 
are then fed into analogue to digital converters (ADCs). Secondly, it also gen-
erates ECL logic pulses whenever the pre-amp signal reaches a certain threshold 
level. 
3.6 Electronics and Data Acquisition 
The associated electronics are similar to that of ref. [Bev93]. Another ref. [Ire9l] 
also has the same electronics but without the pile-up inspection unit. Here follows 
a brief description. Figure 3.7 depicts a schematic view. 
Since the signals from both proton telescopes are processed in exactly the 
same way, the circuitry for only one telescope is shown. Double boxes and double 
lines imply that the instrumentation for the SSDs is the same for each individual 
strip. For reasons of clarity, various delays and scalars have been omitted from 
the diagram. The delays are needed to synchronise timing signals, while scalars 
count the various signals. 
A data acquisition trigger (X-trigger) is derived by a coincidence among the 
timing signals from both the front and back SSDs and the HPGe of one telescope. 
Note that the count rate in the proton detectors is of a few Hz which is small 
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Figure 3.7: Signal processing scheme. 
For this reason the X-trigger is derived from the proton detectors. When an X-
trigger occurs the 'fan-out' signals produced by the same coincidence signal are 
fed to the 'start' input of the TDCs (22 in run A and 64 in run B) and to the 
gates of all ADCs. The data acquisition system records all ADC and TDC values, 
including under- and over-flows, on magnetic tape. Coincidences are established 
in the off-line analysis. 
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High quality research pulsers equipped with a Kelvin potentiometer generate 
pulser signals with an accuracy of 1 in 105.  Pulser-walkthroughs, feeding a series 
of pulses of known relative amplitudes into the test inputs of the SSD and HPGe 
pre-amplifiers, are performed from time to time to monitor drifts in gains and 
offsets i.e: stability of the measuring system. 
This series of pulses also serves to monitor the dead time of the system and 
for this purpose their amplitudes are kept fixed and frequency is set to about 1 
Hz. The pulses are also fed into the OR-unit generating the X-trigger and into 
an ungated scalar. Since the X-trigger is subject to various sources of dead time 
and the scalar is not, an accurate measure of the accumulated dead time during 
all runs can be obtained. 
A pile-up inspector (PUI) sets a bit in the hit pattern word in the event header 
when the two signals exceeding the CFD threshold appear within the inspect-time 
of 16 1as. The hit pattern word is used to reject the pile-up events in the off-line 
analysis. 
A 'Common Inhibit' unit is employed to inhibit any registration of events 
if any of the three signals, namely Beam trigger, Aerial and Computer busy, is 
present. An aerial was used during calibration runs to prevent any pick-up from 
tagging magnet power supply. It is not needed during 'normal' runs because higher 
threshold on HPGe detector and a coincidence between the SSDs and HPGe are 
sufficient to remove such a pick-up. The function of a beam trigger is to stop any 
event from being recorded during the first millisecond of beam extraction, 'which 
gives a large current for --20 ms. 
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3.7 Targets 
Targets used in run A were carbon (99% 12C), aluminium (27A1) and aluminium 
nitride (A1N; 27A1 and ' 4N). The carbon target consisted of three 100 x 100 mm 
foils stacked together. Each foil had a thickness of 0.2 mm making the target 0.6 
mm thick. A 50 x 100 mm aluminium nitride target was made of pieces of 25 x 
25 mm ceramic materials. To make a subtraction of the aluminium events in the 
A1N target a 0.15 mm thick and 99% pure 27A1 foil was used. The area of the foil 
was 100 x 100 mm. A discussion of the choice of the target is given in appendix 
D of ref. [Ire9l]. 
Both the A1N and Al targets were mounted on a specially designed target 
wheel. The wheel was driven by a stepping motor attached to the base plate of 
HPGe#1. This arrangement facilitated a regular interchange between the A1N 
and Al targets since the stepping motor was controlled remotely. The position of 
the target wheel was monitored by a series of optical switches. 
The bismuth target used during run B comprised a 100 x 100 mm 2 , 0.05 mm 
•thick and 99.97% pure bismuth foil supported by polyethylene terephthalate film. 
The 0.125 mm thick film containing only carbon, hydrogen and oxygen, was hot 
pressed laminated to one surface of the foil. The weight of a separate backing foil 
was measured to be 1.6 gm and the combined weight of the bismuth and backing 
foil was 6.61 gm. Thus the weight of the bismuth foil was 5.01 gm. Note that the 





This chapter describes how data were analysed event by event to extract useful 
observables. The usual way of presenting (y, p) data is in terms of absolute 
differential cross sections. In order to do this the following steps should be carried 
out: 
• Production of the excitation energy (Er) spectra of residual nuclei in 
12C('y,p)' 1 B, ' 4N('y,p) 13 C, 27A1(-y,p) 26 M9 and 209Bi(-y,p) 208Pb reactions. 
• Determination of the yield of each peak in the excitation spectra. 
• Folding in of the yield with the various experimental parameters such as 
solid angle, detector efficiency etc. to calculate cross sections for the various 
peaks. 
In the case of 12C, ' 4N and 27A1 the target is placed end on to the beam. It 
gives no detailed information of the 'y beam centroid and proffle which is required 
for accurate determination of the photon flux through the target. Relative cross 
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sections are, however, easy to obtain and are consistent within themselves since 
the beam conditions, experimental geometry etc. are common. To find absolute 
cross sections the relative cross sections for the "B ground state are normalised 
to previously measured cross sections over a range of angles. The resulting nor-
malisation constant is used to find absolute cross sections for other states in "B. 
The constant is renormalised by taking into account relative thickness, flux etc. 
to find absolute cross sections for peaks in the residual nuclei of other targets. 
As far as the 209Bi target is concerned, absolute cross sections could in prin-
ciple be measured directly as the target, being at 200  with respect to the beam, 
intercepts the full beam. However, due to several reasons including those men-
tioned in the previous paragraph this information is not used to calculate absolute 
cross sections. The main reasons for not adopting this approach and the way the 
cross sections have been obtained are described later in the chapter. 
Reconstruction of 'real' events involves knowledge of the following informa- 
tion: 
. Which telescope detected the triggering particle. 
. Which ladder scintillator fired. 
• Energy deposited in the detectors. 
• The time during the 20 ms pulse at which the trigger occurred. 
• The labels of strips through which the particle passed. 
Since there were 22 FP scintillator detectors during run A, 64 in run B, and 
two telescopes were used in both runs, we then imagine 22 and 64 independent 
experiments performed during runs A and B respectively. 
Figure 4.1 depicts the coordinate system. The origin is taken as the target 
centre and the beam direction defines the positive z-axis. The optical axes of both 
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proton telescopes lie in the x-z plane, and the y-axis is chosen such as to form 
a right-handed coordinate system. The angle between the z-axis and the proton 
trajectory is denoted by 0,,, and the azimuthal angle of the proton trajectory is 
denoted by Op . The strip pair refers to a single strip on the front and a single strip 
- 
Photon Beam 
Figure 4.1: Coordinate system used in the ('y, p) analysis. 
on the back SSD and the strip difference (L\S) is the difference in strip number 
from back to front SSD. The definition of strip difference is shown schematically 
in figure 4.2. Note that all strip pairs with a particular strip difference do not 
subtend the same range of proton emission angles due to the cylindrical shape of 
the HPGe crystal and multiple scattering in various parts of the telescope. These 
0p distributions, however, are similar enough to define a particular angular range 
for each AS value independent of the actual strip number. 
The angular range covered in run A is from about 60° to 1200,  whereas data 
collected in run B extends from approximately 500  to 1100.  Within these ranges 
angles increased in steps of 8-9 0. The data were analysed on Sun SPARCsta-
tions at Edinburgh University. 
Photon 
Beam 
Figure 4.2: Definition of strip difference LS for telescope//i. 
4.2 Proton Detectors Calibration 
A radioactive 207Bi source was used for energy calibration of the SSDs and the 
HPGe calibration was carried out using 137Cs and 60 Co sources. Table 4.1 shows 
energies of 'y-rays emitted by 137Cs and 60 Co and those of conversion electrons 
from 207Bi. 
For protons (energies of 20-50 MeV) emitted in both runs the energy de-
posited in the SSDs is of the order of 1 MeV. Conversion electron energies thus 
provide a reasonable calibration for these detectors. A series of pulser signals of 
known relative amplitudes were fed into the preamplifier test inputs to determine 
offsets in ADCs. The gains and offsets were regularly monitored by these pulser 
walkthroughs. 
The energies of the 7-rays used to calibrate the HP Ge's were much lower than 
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60Co 1173.2 KeV 
1332.5 KeV 
Table 4.1: Energies used in calibration of proton detectors. 
the proton energies from the (, p) reactions. The following technique, therefore, 
was employed. During the 137Cs and 60 Co calibration runs the HPGe gain was 
increased by a factor of k (k is 20 in run A and 10 in run B). A pulser walkthrough 
is also carried out with high HPGe amplifier gain settings. Another pulser walk-
through is performed now with pulse heights increased by a factor of k and HPGe 
amplifier gains brought back to the original values. The ratio of pulser peak pos-
itions at normal amplifier gain to higher amplifier gain gives the exact increase in 
gain for the 137Cs and 60Co calibration. The gain calculated by the positions of 
the 7-ray peaks in the ADC spectrum is multiplied by this increase-in-gain factor 
to get a 'true' calibration. Here again (similar to SSD) high-precision research 
pulses serve the purpose of monitoring drift in gains and offsets from time to 
time. These variations in gains and offsets found during the experiment were too 
small to have any effect on the energy resolution of excitation spectra. 
4.3 Particle Identification 
Apart from protons there are other charged particles such as electrons and higher 
mass ions that produce signals in the various detectors in the telescope. The 
electrons result mainly from Compton scattering and pair production processes. 
Higher mass charged particles are the result of other photonuclear reactions. Many 
of the electrons are rejected by a hardware cut applied by the signal processing 
electronics. To identify different particles, assuming they have the same energies, 
use is made of the fact that different species of charged particles lose different 
amounts of energies in a material. The remaining electrons and other charged 
particles are removed by a cut on the LE-E two dimensional (21)) spectrum. 
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Figure 4.3: 2D particle identification spectrum. The darker 'banana' corresponds 
to protons. 
which after several approximations reduces to the following proportionality which 
is more sensitive to mz 2 than E. 
dE mz 2 	
(4.1) 
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A typical zE—E plot obtained by correlating the signals from the SSDs (LE) 
and HPGe (E) is shown in figure 4.3. Ridges corresponding to electrons, protons 
and deuterons can be seen clearly. In off-line analysis a 2D window is defined by 
drawing a polygon around the proton ridge. An event is processed only if under 
the one-hit condition' it falls in the area of the polygon. 
4.4 Event Reconstruction 
Following on from particle identification, the next stage in the analysis is to calcu-
late the kinetic energy of each event identified as a proton. Each proton reaches the 
HPGe detector after having passed through the target, air, the SSDs, aluminium 
foil wrapped around the SSDs and the 9Be window (entrance to the HPGe). The 
total kinetic energy then is the sum of the ADC values from the SSDs and the 
HPGe and energy lost in the above mentioned materials. Of those, only the Be 
window and the target make a considerable contribution. The starting point in 
the calculation is the energy deposited in the HPGe, EHPGe  from the calibrated 
ADC value. Working back from the EHPGe  the energy losses are calculated using 
the DL routine DEDX in a following way. 
An angle p, defined as the mean angle between the x-axis and the proton 
trajectories, is calculated for each AS by Monte Carlo simulation. This calculation 
takes into account the distribution of the angles O and çb,, for a particular LS. 
The effective thickness, teff, traversed by the proton is given by 
1 
teff = tphy 
cosp 
(4.2) 
where tphy  is the physical thickness of the material. The DEDX routine produces 
values of dE/dx, in 1 MeV steps, for a relevant range of kinetic energies for the Be 
and target materials. The tell is split into n equal parts each of suitable thickness. 
'Only one strip is hit in each front and back SSDs. 
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The energy loss in the Be window is then given by 
dE teff 
LEBe = 	 (4.3) n 
where the index i means that for each step the proton energy is recalculated. 
In the case of the target the proton can be emitted from a nucleus anywhere in 
the target. It is assumed that all protons are emitted from exactly half way in the 
target traversing a distance equal to teji/2. The energy loss LE ta.r is calculated 
in the same way as for Be and the total kinetic energy Tp is finally given as 
T = EHPGe + LEBe + 1Eback + LEf r0 t + A E t. (4.4) 
where LEback and /Efront are the energies deposited in back and front SSDs 
respectively. 
4.5 Selection of Tagged Events 
A typical tagging TDC spectrum is shown in figure 4.4. Each event in this spec-
trum satisfies the 'proton-cut' condition. To understand how we obtained this 
spectrum let us consider the appropriate section of the electronics and the case 
of a ladder element, say i. It can be recalled from the previous chapter that a 
timing signal, the X-trigger derived from the HPGe detector, is used as a common 
start to all the ladder TDCs. Each ladder element has its own TDC channel, all 
of which are read out every time an X-trigger fires. Combining this with the fact 
that the firing rate of each ladder element is e1 MHz as compared to the X-trigger 
rate of r.-10 Hz we see that three kinds of events shape the TDC spectrum. 
1. A TDC i started by an X-trigger corresponding to a proton event is stopped 
by the relevant electron. Since the time of flight differences of protons from 
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Figure 4.4: A TDC spectrum taken from the 209Bi data. 
The large firing rate of the ladder element can cause TDC i to be stopped 
by an electron which hits it before the relevant electron reaches it. Such 
events will appear before the tagging peak. 
There is also a proton event in which the corresponding electron is detected 
(or not detected at all) in an FP detector other than the ith. In this case 
TDC i may be stopped by an electron which has nothing to do with the 
event in question. These events are scattered across the whole range of the 
TDC. 
These three kinds of events result in a peak sitting on a background. Van 
Hoorebeke [Hoo92] has shown that the random background due to accidental co-
incidences has a basically exponential shape which in most practical cases reduces 
to a flat straight line. Thus the spectrum in figure 4.4 has been obtained by 
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adding all individual TDCs by taking into account the slight differences 
among the delays of individual TDCs. 
considering time of ifight corrections for events corresponding to different 
emission angles and finally 
applying 'amplitude walk' corrections. 
Tagged events lie in the interval r3—r4 . Background random events are estimated 
by considering events corresponding to the intervals r1 —r2 and T5-T6. 
4.6 Photon Tagger Calibration 
The photon tagger was calibrated using the 12 C('y, P0)  reaction. Proton energies 
are calculated following the procedure described in sec. 4.4. The proton energy 
spectra are generated for each individual FP detector. Using these proton energy 
spectra, we can then identify the mean photon energy corresponding to each ladder 
element by means of the equation, 
1 (mr + E)2 - m? - m E 
= 	
+ 2m(T + m) 	
(45) 
2 mj - - m + 	2mTcos9 
where 
E ) photon energy in MeV 
'I Eproton kinetic energy in MeV 
m p Emass of proton in MeV 
m j Emass of target nucleus in MeV 
m,. Emass of residual nucleus in MeV 
E Eexcitation energy in MeV 
O Eproton emission angle in degrees 
As mentioned in section 4.1 the electron energy decreases during the 20 ms 
pulse, hence the photon energies are expected to decrease as well. This can be 
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taken into account as the time of the event in 20 ms pulse is registered. In the 
off-line analysis, however, no such decrease was found in photon energies for some 
unknown reason. 
The resulting energy calibrations for both runs are shown in figure 4.5. The 
scattering of photon energies around a straight line could be due to either statistics 
or small misalignments of the scintillators. Individual calibrations were used to 
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Figure 4.5: Focal plane detectors calibration. 
4.7 Excitation Spectra 
Subtraction of the normalised random excitation spectrum from the total (prompt 
+ random) excitation spectrum gives the net excitation spectrum. In order that 
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a suitable normalisation factor N1 be found the number of background events 
under the prompt peak has to be determined. This was done by dividing the total 
TDC spectrum into three regions as shown in 4.4. The time window r 1—r2 defines 
region I before the prompt peak. Region II lies between r 3 and 7-4 and contains 
the prompt peak while the r5—r6 window gives the size of region III. A polynomial 
was fitted to the background TDC spectrum over all regions. Integration of this 
polynomial in region II gave the amount of background to be subtracted from the 
total excitation spectrum to yield the prompt spectrum. Excitation spectra for 
regions II and III were obtained using the formula 4.6 derived in appendix B. 
EX (K7 ,TP,6P) = {( K7 +mt —(T+m)) 2 — (T+m)2 + 
m - K + 2K7 (I + 2mT) cosO} - mr (4.6) 
The mean emission angles (Os) for each AS are calculated using the Monte Carlo 
code. 
Region III, used for calculating the random excitation spectrum, also includes 
TDC overflows. The inclusion of these improves the statistical significance of the 
normalisation factor [Hoo92]. Since the overflows in run A were suppressed in 
pre-sorting, the random excitation spectrum was obtained from regions I and III. 
Figures 4.6 and 4.7 show excitation spectra with smooth background and with 
background subtracted respectively. 
Having produced the net missing energy spectrum, the yield for each state 
was then the sum of the contents of each bin under that particular peak. H. 
Ruijter [Rui95] has also discussed two other methods of getting yields. 
Assuming the distribution of counts in a peak is known (usually gaussian), the 
parameters to describe this distribution are found and then integrated to get the 
yield. 
The data are smoothed assuming no particular distribution and then integrated 
over an appropriate region. 
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Figure 4.6: Prompt and nor'malised random excitation spectra. 
14N(7, p) 13C Excitation Spectra 
In order to extract the 14N(7,p)' 3C missing energy spectrum, it was neces-
sary to account for the fact that an aluminium nitride (A1N) target was used in 
obtaining the 14 N('y, p) data. Since the subtraction of 27A1(7, p) events should 
yield 14 N('y, p) events, data were also obtained using an Al target. The normal-
isation factor by which 27A1(-y, p) events have to be multiplied before subtraction 
was found as follows. 
The ratio of the number of atoms of aluminium in A1N and Al targets is given 
by, 
RAL = A1N 	
(47) 
A1 
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Figure 4.7: Net excitation spectrum. 






Combining equations 4.7 and 4.8 gives 
MAIN WAI 
RAL = 	 4.9 
MAL WA1N 
Now referring to figure 3.6, it can be seen that A is the area of interception of the 
beam with the target with thickness t. Thus the intercepted volume is At. If p is 
the density of the target then the mass of the illuminated target is 
M = pAt 	 (4.10) 
Substituting equation 4.10 into equation 4.9 gives 
PAIN tAZN ViAl 
RAL = 	 (4.11) 
PAL tAI WAIN 
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Uncertainty in RAt  arises due to the uncertainty in the target thickness. Note 
that it is quite reasonable to assume that the beam profile intercepting the target 
remains the same since the A1N and Al targets were interchanged every hour 
during the run using the wheel mentioned in chapter 3. 
A factor which should also be considered is the photon flux for both the A1N 
and Al targets. Since the target is end on to the beam only a fraction, 4t/ird, of 
the beam is intercepted where d is the beam diameter and is assumed constant. If 
C is the total ladder scalar counts and tagging efficiency is constant, as assumed 
throughout the run, then the ratio of fluxes is given by 
CAiN tAIN 
R11 = , 	 (4.12) '-'Al tAl 
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Figure 4.9: '4N excitation spectrum after subtraction of Al background. 
Nr = RAIRfI UX 	 (4.13) 
and the 14N('y, p) excitation spectra are 
S = S11'T - NCS' 	 (4.14) 
where i refers to a particular angular group. Figures 4.8 and 4.9 show the sub-
traction process for the total spectrum i.e., >.1, Sf'. 
4.8 Monte Carlo Simulation 
The analysis of the ('y, p) data requires the determination of several quantities, 
such as effective solid angles, mean proton emission angles, distribution of possible 
angles for each strip difference AS and the path-length factors, used for the energy 
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loss calculation during the data sorting. A Monte Carlo simulation [Spr88] was 
performed to evaluate these quantities. 
The effective solid angle calculations for the target at 200  were found to be 
acutely sensitive to various parameters such as beam size, beam offset, detector 
offset etc.. This was primarily due to the close geometry of the detection system 
which was chosen for the measurements reported here to enhance the total solid 
angle. An alternative method described later in the chapter to calculate differ-
ential cross sections therefore had to be used. A brief description of the code, 
however, is given here. 
The calculation proceeds by choosing a random point on the target. From 
this point an initial random direction (Os,, çb,) is selected. The chosen path of the 
proton is then traced through the telescope to establish the labels of the strips it 
passes through and whether or not it hits the HPGe crystal. A treatment of a 
large number of events in this way makes it possible to calculate solid angles by 
counting the number of accepted events for each LS. 
- For certain trajectories the protons will escape from the side of the HPGe 
crystal depositing only part of their energy. The possibility of this happening 
increases for the more extreme LS values and for the higher energy protons. Since 
only those events are accepted which stop within the crystal, this consideration 
results in a decrease in the effective solid angle. Thus the solid angles could be 
different for various excitation energies corresponding to different proton energies. 
A typical plot of simulated O. distributions for various AS values is shown in figure 
4.10. The solid angle for a particular AS is proportional to the area under the 
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Figure 4.10: Monte Carlo simulation of O distributions for zS from -9 to +9. 
4.9 Differential Cross Sections 
The absolute differential cross sections were obtained by normalising the present 
data to some previous measurements. Since the procedure employed is not iden-
tical for both runs the two methods will be discussed separately. 
RunA 
There are no data existing for 12 C(y,p)"B at E7 = 73.5 MeV. Matthews et al. 
[Mat76] and McGeorge et al. [McG86] have measurements for ' 2C('y,p) 11 B at 60 
and 80 MeV photon energies. Since Matthews' data are also available in tabulated 
form, these are used for normalisation. The normalised cross sections when com-
pared with Ruijter's [Rui95] are found to be consistent within experimental errors. 
The summed cross sections for 12 C('y, P0 + P1) are used because the experimental 
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resolution in Matthews' data was 2 MeV. 
The appropriate data points at E7 = 60 and 80 MeV, have been used with the 
assumption that the cross section at each angle varies exponentially with energy. 
That is 
Irei(0,Ey ) x 	 (4.15) 
dQ 
where k is a positive constant and is different for every angle. A comparison of 
the present data with those of Ruijter shows later that this assumption was quite 
reasonable. The angular distribution required in the normalisation procedure is 
then taken to be the solution of a second order polynomial in 0. Since Matthews' 
data give values of in the Center of Momentum frame (CM-frame), these need dO 
to be converted to the Laboratory frame (L-frame). The transformation from 
CM-frame to L-frame is given in Appendix B and results in only a few percent 
alteration to both angle and cross section. 
The excitation spectrum for 12 C(7,p) 11B is shown in figure 4.11. Note that 
for a transition to the ground state in 12 C('y, p)"B an energy resolution of 900 
KeV was found in run A while it had a value of -.700 KeV in run B. The main 
contributors towards this energy resolution are the width of the focal plane de-
tectors, the kinematics broadening and energy loss and straggling in the target. A 
yield Y 21 for each angular group i is calculated for the ground and 2.12 MeV states 
together by adding the bin contents under these two peaks. A relative differential 
cross section is then defined as 
02 \ = 	 (4.16) 
dQ m) AQi eff 
where LMl ff  is the effective solid angle and O is the mean proton emission angle 
for each group. The 9's are calculated by folding in the angular distribution (see 
figure 4.10) for a particular angular group with a polynomial p(0) fitted to the 
relative differential cross sections. 
i 	
>0jC2(0j)p(0j) 	
(4.17) om = 
Ej C(0)p(0) 
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where C2 (93 ) is the number of counts in bin 03 for a particular angular group i. 
The (0) are plotted for new 0's, a new polynomial p(0) is fitted and the whole 
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Figure 4.11: Excitation spectrum used for normalisation. 
Finally the data are normalised by taking the fit p(0) to the relative cross 
sections and performing a least square fit of p(0) to the absolute data. A common 
multiplicative factor ic is varied until the best fit value is found. Figure 4.12 shows 
the present 12 C('y, Po +pi) measurements after multiplication by the normalisation 
factor ic compared to those of Ruijter and Matthews. It can be seen that the 
comparison is a good one within experimental (statistical and systematic) errors. 
After normalising the 12 C('y,po + p') data the absolute differential cross sec- 
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Figure 4.12: Comparison with Matthews' and Ruijter's data. 
relative cross section with the normalisation factor r,. 
do 	 do 
= k:(o:n )I reL 	 (4.18) 
14N and 27A1 Targets 
We now consider the procedure used to obtain differential cross sections for the 
' 4N and 27Al data. Let X be any target. To find absolute cross sections from the 
relative ones for X('y,p), one needs to find another factor, say X. The absolute 
cross sections will then be given as 
2 X 	
do'x (0m)Iabs = 	 Irel (4.19) 
The factor x takes into account relevant differences between the carbon target and 
the target X measurements. These differences are target thickness, target density, 






The mass of the target intercepting the photon beam is 
	
Mx = pxtxdx lx 	 (4.20) 
where 
Px density of the target X 
tx thickness of the target X 
dx diameter of the beam on the target X, and 
length of the target X. 
Since diameter of the beam and length of the target are the same for different 
targets, dx = d and 1x = 1. The number of atoms, nx , illuminated by the beam 
is 
nx ptld 
= A 	NA 	 (4.21) 
fix 
where A x is mass number (molecular weight in the case of a compound target) of 
the target and NA is Avogadro's number. 
Now assume the photon flux for target X to be uniform and have a value 
5x. Since only a portion of the beam is intercepted by the target the number of 
photons passing through the target is given by the product of qx  and the ratio of 







Now if fx  and  f are the live time fractions for targets X and carbon respectively, 
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'xl xx-yxJx (4.23) 
dcr 0 YC (2 
)I mabs - _ 1C 
gives 
dcT 10 





Using equation 4.21 and 4.22 we get 
- pc. 	t 24 IC 
Px c X OXX 
Note that the sub-script c refers to the carbon target. 
RunB 
As mentioned in the previous chapter, the bismuth target was supported , by a 
polyethylene terephthalate, (C10H8 04 ) 8 , foil. Since the Monte Carlo calculations 
for solid angles were found to be very sensitive to the beam diameter, offset etc., 
which is a consequence of the close target-detector geometry, it was decided to 
normalise the 209Bi('y, p) 208Pb data to either carbon or oxygen data obtained 
simultaneously from the backing foil. The 160(-y,p o ) 15N cross sections were used 
in preference to 12 C data as these were available in the photon energy range of 33 to 
69 MeV in 4 MeV steps [5me93]. The photon energies used in the 209Bi(7,p) 208Pb 
reaction were '44 and 52 MeV. A double interpolation (energy and angle) was 
performed to find oxygen cross sections at these energies. Now since 
da 	V 	
(4.25) 
where Y is the yield and N is the number of target nuclei, the bismuth cross 
sections were calculated using the following expression 
do 	da YBi  No 
IBiIO3T7 	 (4.26) 
where the subscripts 0 and Bi refer to the oxygen and bismuth targets. 
4.10 Analysis of Uncertainties 
The uncertainties in the cross sections arise from the following sources of error. 
• Statistical uncertainties in yields and geometry. 
• Systematic uncertainties in normalising the cross-sections. 
Note that the various corrections such as dead time, pile-up etc., need not be 
applied since the cross section measurements are relative. 
Statistical Uncertainties 
Statistical uncertainties arise due to uncertainties in the yields of peaks. In the 
case of 12 C, 27A1 and 209Bi the relative uncertainty in the yield Y of a peak is 
given by 	 _______ 
/p+Nr 
y 
where p and r represent the yield in the same region of the prompt and random 
spectra.respectively. Nr  is the factor which normalises the random spectrum to 
the one under the prompt peak. The relative error in 14 N data is 
Y - \IPALN + NpAl + N,?(rAZN + NrAz) 
-f--- 	 y 
In the 209Bi data the statistical errors in oxygen cross sections need also be taken 
into account to find statistical uncertainties in the present cross sections. All this 
was done with the help of an error-propagation formula. 
Lf = /( J)2( x)2  + ()2( y) 2 + ... 	 (4.27) V Ox 
Where AS is error in function f f(x, y, 
Geometric Uncertainties 
Geometric uncertainties are investigated by running Monte Carlo simulations for 
variations in the detector and targets spacings consistent with the expected errors 
for these distances. These simulations result in different relative effective solid 
angles for every given AS value. The uncertainties contribute to run A data only 
which make use of solid angles for cross section calculations. The calculations 
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were done as follows: 
The HPGe's and SSDs of both telescopes were assumed to be fixed, target 
position was varied by ±1.5 mm, solid angles were calculated and thus the relative 
uncertainties in them could be found. The results are shown in column 'HPGe-
Target spacing' in table 4.2. 
Entries in column 'Front-Back SSD spacing' were obtained by fixing the HPGe 
and target positions but altering the SSDs positions by +0.5 mm and considering 
all the combinations for four SSDs. 
The above two relative uncertainties when added in quadrature produce the 
'Total' column in table 4.2. 
The error bars on data points take the relative geometric uncertainty into account. 
Om  A S HPGe-Target spacing Front-Back SSD spacing Total 
118 -6,-5 5.4 0.2 5.4 
109 -3,-4 1.2 0.2 1.2 
101 -2 4.0 0.3 4.0 
96 -1 5.3 0.5 5.3 
90 0 5.7 0.2 5.7 
84 1 4.7 0.2 4.7 
79 2 3.7 0.3 3.7 
71 3,4 1.3 0.1 1.3 
63 5,6 5.5 0.5 5.5 
Table 4.2: The relative percentage uncertainties due to geometry. 
Systematic Uncertainties 
The error in the normalisation factor, ic, caused by the statistical errors in 
Matthew's data points and the points from the present analysis is about 5%. 
The systematic errors quoted for Matthews' data are 22%. Systematic errors for 
run B data are 15% the same as quoted by Smet et al. [5me93] for their oxygen 
data. Ireland [Ire9l] also measured the fraction of 14 N('y, p) events from air as 
2.5%. It will affect both 14N and 27A1 data. The contribution from the air to the 
12 C data was negligible. 
Regarding the calculations of cross sections for targets other than carbon it 
can be seen that these involve estimation of the relative number of target nuclei. 
For foil targets the uncertainty can be considered negligible since the foils are 
precision rolled for thickness and are a high purity material. With A1N the situ-
ation is different. Since it is constructed as 25x25 mm 2 pieces there is uncertainty 
in the target volume due to thickness variation and possible gaps in the target 
patchwork. Measurements of these effects culminated in an overall uncertainty of 
6.3% in the number of target nuclei [Ire9l]. 
In conclusion the total systematic error for run A is approximately 23% for 
12 C and 24% for 14N and 27A1 whereas it is 15% for run B. 
Chapter 5 
Results and Discussion 
One way to help elucidate the (, p) reaction mechanism is to compare its excit-
ation energy spectrum with that of the (e, eip) reaction as both these reactions 
are electromagnetic in nature. In the (e, eip) reaction the electron interacts with 
the target via a virtual photon as opposed to the real photon that is involved in 
the ('y,  p) reaction. The (e, eip) reaction at low missing momenta is well known 
to be described by Quasi-free Knockout (QFK) model [Fru84J which is also re-
ferred to as the Direct Knockout (DKO) model. In the impulse approximation 
(IA) a photon (virtual or real) couples to a proton leaving the remainder of the 
core undisturbed, thus the scattering is essentially quasi-free. Some differences 
between the excitation spectra of these two reactions can be explained by noting 
the following two points. 
The range of missing momenta being explored: At present the (e, eip) 
reaction, because of the experimental difficulties, probes lower missing momenta 
whereas the ('y, p) reaction looks at the higher missing momentum components of 
a wavefunction. 
Polarisation of the photon: The virtual photon is predominantly longitud-
inally polarised in the kinematics typically employed in the (e, eip) experiments 
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as opposed to being purely transverse in the (y, p) reaction. 
On the basis of these two differences it is reasonable to expect that the DKO 
mechanism might not be the only one occurring in the ('y, p) reaction. This pro-
position is further supported by the existence of a much stronger continuum in 
the (-y, p) energy excitation spectra which are shown later in the chapter. The 
same spectra also show peaks corresponding to particular low lying states of the 
residual nuclei indicating the DKO to be a contributing mechanism in the 
reactions. 
The two methods employed in determining the relative strengths of the peaks 
in the excitation spectra are described with the help of fig. 5.1. The first method 
(Ml), taken from [Sho88], involves fitting polynomials (solid lines in 5.1(a)) to 
the experimental angular distributions for ground state and each other state i. 
The quantities - are then calculated from points on the curves where o 
27r f (do1d)sin9d9. The second method (M2) translates the x-axes of each 
plot from 0 to missing momenta (Pm ) using equation (B.20). Note that for the 
same photon energy different excited state protons will correspond to different 
missing momenta range. The ground state cross sections correspond to a set of 
Pm values in region P1—P2 in 5.1(b). Cross-sections are then calculated at these 
Pm values by interpolation between the measured experimental points for each 
state i. Ratios of the cross sections of the ith (squares) and the ground (circles) 
states are thus found at each Pm value. The mean of these ratios is taken as the 
relative strength of the ith state. 
In chapter 2 we mentioned, along with the DKO model, the Quasi-deuteron 
model and various theoretical calculations. The phenomenological Quasi-deuteron 
model which is used to explain the continuum observed in the excitation spectra in-
volves photon interaction with an np-pair. The theoretical calculations mentioned 
in chapter 2 incorporate the various contributing mechanisms like nucleon-nucleon 
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Figure 5.1: A hypothetical figure. 
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tions essentially reduce to two processes; the direct process and the 'non-direct' 
process. The calculations do not agree on the relative contribution of the direct 
process. This relative contribution is the main issue in this chapter. 
The present results are discussed in the framework of the DKO model to see 
to what extent it can explain the (y, p) reactions studied here. The experimental 
angular distributions are compared with the calculated DKO model differential 
cross sections. The DKO results are represented schematically by solid lines in 
figures 5.1(c) and 5.1(d). Data for 12 C, 14N and 27 A1 analysed at photon energy 
of 57.5 MeV [Ire9l] were already available. Comparison of these results with 
the present ones involves a parameter ic 21 which is a measure of the decreasing 
importance of the DKO mechanism with increasing incident photon energy and is 
calculated as follows: Using M2 K, (5.1(c)) and ic2 (5.1(d)) are found at 57.5 and 
73.5 MeV respectively. A ratio of ic 2 to ic1 gives ic21 whose importance must be 
qualified with the caution that the DKO results do not match experimental shapes 
in detail. Note that we also calculate the relative strengths of various transitions 
at E7 = 57.5 MeV using Ml and M2. 
In the following we compare the results to DKO calculations. The possibility 
that differences between the calculations and experiment is due to meson exchange 
current (MEC) effects is also investigated using Siegert's theorem. 
5.1 DKO Calculations 
The DKO calculations are based on the work of Boffi et al. [Bof8l, Bof841 which 
treat the absorption of a real photon by the nucleus undergoing a photoreaction 
along the same lines as the interaction leading to (e, elp) reactions [Bof80a, Giu80, 
Bof80b, Giu87, Giu88, Bof93] where a virtual photon is responsible for a direct 
nucleon knockout. This approach uses a spectral function to describe the single-
particle bound state stemming from the overlap between the target and residual 
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nucleus and a distorted wave for the outgoing nucleon. 
Boffi et al. initially perfonned the calculations to find out to what extent a 
direct mechanism was acceptable in the description of ('y, p) reactions since a good 
knowledge of the direct mechanism facilitates appreciation of other contributing 
mechanisms. Their results were found to be sensitive to the choice of optical 
potentials and a combination of bound and scattering state wavefunctions. These 
factors have a role in determining both the size and the shape of the energy and 
angular distributions. 
The DKO code used for present calculations is called GAMP4 [1re96]. The 
code gives unfactorised cross sections due to the inclusion of the spin-orbit term 
in the optical potential. The ('y, p) calculations incorporate 
. Relativistic kinematics, 
• No non-locality corrections, 
• Centre of Mass (CM) corrections, and 
• Orthogonality and antisymmetry corrections. 
A non-locality correction is not applied to the proton continuum wavefunction 
because, as pointed out by [For7l], the orthonormality condition between two 
wavefunctions that are solutions of an energy-dependent potential corresponds to 
a non-locality correction. The CM correction produces recoil terms corresponding 
to photon interaction with the residual nucleus. These recoil terms are more 
important for lighter nuclei such as Li [Sen83, Sen85a, Sen85b]. 
There is a correction in connection with the proton continuum wavefunction 
in order to restore orthogonality and antisymmetry. These are destroyed when an 
optical potential is used which differs from that employed to calculate bound-state 
wavefunctions. This correction has an important effect at higher missing momenta 
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[Bof84]. The orthogonalisation-antisymmetrisation (0-A) correction is applied to 
the final state wavefunction by explicitly evaluating the non-zero overlap with all 
occupied single particle wavefunctions, 0 1,. To apply this correction properly, a 
set of wavefunctions 0a  must be generated that form an orthonormal set. 
It was mentioned earlier that the choice of a combination of bound state 
and scattering wavefunctions has a significant effect on the shape and magnitude 
of angular distribution. This choice can be constrained by using bound state 
wavefunctions with the same Wood-Saxon (WS) potential that is used to evaluate 
the bound state wavefunctions in the (e, eip) data. The reason for this is that the 
(e, eip) reaction at low missing momenta is described very well by the QFK model. 
The results of the calculations for each transition in the (e, eip) reaction are fitted 
to the experimental data using the bound state wavefunction radius rrms and 
spectroscopic factor Sc, as free parameters. To calculate, for a given transition, 
the bound state wavefunctions for the (y, p) reaction the WS parameters are 
used to generate an (e, elp)-consistent value of rrms . This also ensures that 0-A 
corrections are applied properly. Each separate transition will, therefore, be seen 
to have a distinct set q, corresponding to the binding energy and rrms of that 
transition. 
The optical potential (OF), another important factor, may be employed con-
structively if it is consistent with the corresponding (e, eip) analysis. Indeed the 
parameters will be modified according to the energy of the outgoing proton. As 
there is more than one optical potential in the literature, the choice of OP will 
depend on the target and proton energies we are concerned with. This will be 
discussed in the appropriate section. 
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5.2 Estimate of MEG Contribution 
MEC effects play an important role in (, p) reactions. An estimate of MEC con-
tribution has been made following the method used by Ireland and Steenhoven 
[1re94]. The method involves PWIA calculations based on the Siegert theorem 
which is nearly equivalent to an explicit calculation of MEG effects [Are9l]. As-
suming the dominance of the El transitions a set of ratios (R2 ) of the plane-wave 
plus Siegert (PWS) to the PWIA cross sections is evaluated at i data points. The 
corresponding data points obtained by the DKO calculation are multiplied by the 
ratio R to include MEG effects. It should be noted that this method gives an 
estimate of the MEG contribution and is not expected to give precise values. 
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Figure 5.2: 12 C('y,p)"B excitation spectrum. 
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The present excitation spectrum for the 12 C(-y, p)"B reaction shown in figure 
5.2 agrees with previous (ay, p) measurements [Sho88, Spr88, Spr90, 1re93, Rui95]. 
The observed strength of P2 could be the sum of ((Es ', J') = (4.44, 1)) and 
(5.02, f) states. In spite of the absence of the (4.44, i) state in (e, e'p) reaction 
[ste85b] Ireland et al. [1re93] did not rule out the possibility of population of this 
state. Ruijter [Rui95] estimated a ratio 3:7 of and states in the peak P3 . 
A high resolution (e, e'p) measurement [Bob92] in non-parallel kinematics at Pm  
= 182.5 MeV/c has observed the (4.44, ) state and described it quantitatively 
assuming a two-step process. This state has also been observed in (p, 2p) [Dev79] 
and (d,3 He) [Mai75] reactions and explained as being caused by a two-step pro-
cess. Recent (e, e'p) results from Mainz, at Pm 365 MeV/c, by Sauer et al. (see 
ref. 62 in {Rui95}) also show the presence of the (4.44, ) peak. We can also 
claim to find symptoms of the presence of (4.44, ) by comparing the experi-
mental angular distributions of Po , P1 and P2 . The peaks P0 and P1 show similar 
distributions indicating a 1 = 1 knockout while the distribution of P2 is almost 
flat for O > 90° showing that it is not a pure 1 = 1 knockout. 
A further difference between the two excitation spectra is that the peak 
P3 ((6.74, 7-  ), (6.79, 1+ 5+ ), (7.29, )) is, at least up to a missing momentum, Pm  
220 MeV/c, weakly excited in the (e, e'p) reaction [Ste85a] as opposed to a strong 
excitation in the ('y, p) reaction. The strength of this peak relative to the ground 
state peak in the ('y,  p) reaction increases going from lower to higher photon en-
ergy [Ni194]. This peak has been observed in (e, e'p) results at Pm 365 MeV/c 
by Sauer et al. (see ref. 62 in [Rui95]) which show a remarkable similarity to 
the excited states in the ('y, p) reaction. For the present results the relative in-
crease in the strength of P3 can be seen by comparing its angular distribution 
with that of the ground state, Po . The P0 distribution shows a significant fall in 
magnitude going from lower to higher angles whereas the P3 distribution shows 
a small decrease. Remember that larger proton emission angles correspond to 
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Figure 5.3: Comparison of DKO calculations with 12c('7 , p)"B data at E7 = 
73.5 Me V. The solid lines represent the DKO calculations and the dashed lines 
correspond to the calculations which take into account MEG effects. 
higher missing momenta which is equivalent to probing by photons of higher en-
ergy. Lack of structure and a flat slope in angular distribution is an indication of 
a non-direct process. 
A careful look at the experimental angular distributions of Po(O.O, ) and 
P1 (2.12, ) (fig. 5.3) reveals a j-dependence since the slope changes as one goes 
to backward angles in the latter case. To summarise: 
• (e, e'p) reaction kinematics are an important consideration when a compar-
ison is to be made with the ('y, p) reaction. 
• There is an indication of a (4.44, 5/2 -) state in the present ('y, p) measure-
ments. 
• The strength of P3 increases at backward angles relative to that of P o . 
• The experimental angular distribution shows a j-dependence. 
Steenhoven et al. [Ste88] employed an optical potential due to Comfort and 
Karp [Com80] in their 12 C(e, e'p) calculations. The BSWFs and optical potential 
used in the 12 C('y, p) calculations are consistent with those used in (e, e'p) calcu-
lations. The spectroscopic factors S.i  used to normalise the calculated differential 
cross sections were taken from [1re94]. The calculations assume lp-,  lp- and 
1p-subshe1l knockouts for the peaks P0 , P1 and P2 respectively. The DKO res-
ult for the peak P3 is an incoherent sum of lfz, 2s and 2d subshell knockout 
calculations. A comparison of the DKO and the experimental results shown in 
figure 5.3 yields the following observations: 
• The DKO predictions underestimate the data. The underestimation is more 
for P3 than in any other case. 
• The calculations show the overall trend of the angular distribution but not 
in detail. 
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• The difference between the P0 and P1 curves reflects the j-dependence of the 
calculations. 
The failure of the DKO calculations to explain data is an obvious indication of 
contributions from other mechanisms. Ireland and Steenhoven [1re94] found that 
a combination of two-step processes and MEC with the DKO calculations yields 
the correct order of magnitude. We calculated the MEC contribution using the 
method described in section 5.2. The dashed curves in fig. 5.3 are DKO+MEC 
calculations. The inclusion of MEG effects brings calculations closer to the data. 
An average factor IMEC  by which the DKO calculations are increased due to 
MEC contribution is shown in table 5.1 for each peak. The table 5.1 also shows 
a comparison of relative strengths of (y,  p) transitions with previous results. 
State i (MeV) (e, e'p) 57.5 MeV 60 MeV 73.5 MeV ,c21 fMEC 
Ml I M2 Ml Ml M2 
0.0 1.00 1.00 1.00 1.00 1.00 1.00 1.14 3.7 
2.12 0.15 0.21 0.20 0.20 0.26 0.18 1.27 3.9 
5.02 0.12 0.16 0.10 0.12 0.16 0.13 0.80 4.3 
- 0.67 - 0.29 0.35 - 3.41 1 	4.6 
Table 5.1: Comparison of relative strengths of 12 C('y, p) transitions with results 
at 57.5 Me V [Ire9l], 60 Me V [Sho88] and relative spectroscopic factors deduced 
in (e, e'p) [Ste88]. Also shown are the discrepancies between the DKO and exper-
imental results. See text for detail. 
5.4 MN( y , p) 13 C 
An excitation spectrum for the 14N(7, p) 13C reaction at E = 73.5 MeV is shown 
in figure 5.4. The spectrum is similar, as far as the peaks are concerned, to that 
obtained by Ireland [Ire9l] at 57.5 MeV photon energy. The difference between 
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Figure 5.4: 14N(y,p) 13C excitation spectrum. 
larger contribution of the quasi-deuteron type mechanism at higher E. Another 
noteworthy point is that the strength of all peaks relative to the ground state 
peak is the same in the two excitation spectra the only exception being the first 
excited peak whose relative strength is greater in the present case. 
Ireland et al. {1re93] made a comparison of their excitation spectrum with 
that of Hinterberger et al. obtained in a 14N(d, 3 He) measurement to identify the 
peaks. Assuming the dominance of p-shell knockout, the peaks assigned by them 
were the P0 (O.O, .), P1(3.68, ), P2(7.55,  ), P3(8.86, ) and P4(11.9, E). It 
should be noted that, apart from the ground state, all the peaks contain contri-
butions from more than one state but the present resolution is too low to resolve 
them. In particular, the peak P4 could be the result of up to 13 states. 
Within the DKO framework, we might expect the most dominant transitions 
to occur from the p— and p—subshell knockouts. The ground state of 14 N has 
RM 
= 1+, so a knockout, according to the Angular Momentum Addition Theorem, 
from the pi shell could lead to r and 	states whereas one from p3 shell could 
result in, and states. Therefore P0 , P1 , P3 and P4 could all result 
from either the pi or the pa knockout. The P2 can only be excited through p 
knockout. The unresolved +ve parity states are assumed to be weakly populated 
in conformity with their weak presence in the ' 4N(d, 3 He) excitation spectrum. 
We recall from chapter 1 that the reason for studying 14 N('y, p) reaction 
was the confusion about the mechanism by which '7 MeV triplet in 12 G('y, p) is 
excited. There are 15 states in the region E < 12 MeV which could be populated 
by lfz,  1s, 2s or ld5 knockout. Unfortunately these states occur in the region 
of the other observed peaks which, by a comparison to 14N(d, 3 He), have already 
been declared resulting dominantly from p-shell knockout. This p-shell knockout 
hypothesis is further strengthened by looking at the angular distributions of these 
peaks which all follow, within the experimental limits, similar shapes. None of 
these distributions is flat enough to suggest a similar mechanism which could be 
responsible for the -7 MeV triplet in 12C(y,p). 
As in the case of the 12C(7, p) results discussed in the previous section, we 
used the same two methods (Ml and M2) to find the relative strengths of different 
transitions. Once again we have made use of the data available at 57.5 MeV and 
applied the two methods to those data as well. The results are shown in table 
5.2. The two methods show widely different results which is due to difficulties in 
fitting the curves to the experimental angular distributions. 
In applying the DKO model we should keep two things in mind. One is the 
possibility of exciting several states by both p -  and p-subshel1 knockout since 
the 14N nucleus has JF = 1. The other is the j-dependence of the DKO calcu-
lations as seen for 12C('y, p). To deal with the mixing of these two contributions 
Ireland et al. [1re93] proposed two 'extreme' approaches. The first one (Al), fol-
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Figure 5.5: Comparison of DKO calculations with 14 N('y, p)' 3  C data at E7 = 73.5 
Me V—part I. The solid and dotted curves are obtained by using approaches Al 












40 	60 	80 	100 	120 	140 
O, gab) 
Figure 5.6: Comparison of DKO calculations with 14N(7, p)13 C data at E7 = 
73.5 Me V—part H. The curves mean the same as in fig.  5.5. 
and p3 knockout for the other states. This calculation is represented by the solid 
curves in figs. 5.5 and 5.6. In the second approach (A2) the spectroscopic factor 
for the P2 , which can only be populated by pj knockout, is taken from [Hin68} and 
subtracted from the maximum pj occupancy of 4 to give 2.43. The fragmentation 
of strength is assumed equally divided amongst the other peaks and the DKO 
calculations for p and p3 are added in the ratio 1:2.43. This is shown by dotted 
lines in figs. 5.5 and 5.6. The dashed curves in the figures result from including 
MEG effects to the DKO calculations obtained using Al. 
The calculation was carried out using the Comfort and Karp potential 
[Com80] with radius scaled as A. The spectroscopic factors used for the norm-




State i (MeV) 57.5 MeV 735 MeV (d, 3 He) SM ic21 fMEc 
Ml M2 Ml M2 
0.0 1.00 1.00 1.00 1.00 1.00 1.00 1.1 2.8 
3.68 0.16 0.16 0.15 0.84 0.26 0.26 '-.3.0 3.1 
7.55 2.63 0.52 1.85 1.04 2.38 2.86 '2.0 3.5 
8.86 1.05 0.21 1.63 0.51 0.95 1.00 '1.4 3.6 
11.9 2.55 0.46 3.63 1.20 1.50 - '1.1 1 	3.9 
Table 5.2: Comparison of relative strengths of 14N("y, p) transitions with previous 
results and relative spectroscopic factors deduced in (d,3 He) [Hin68] and a shell 
model (SM) calculation [Coh65]. Also shown are the discrepancies between the 
DKO and experimental results. See text for detail. 
The comparison of the experimental data and the DKO calculation shows that 
the 
. DKO calculations underestimate the data regardless of the p.1p a mixing, 
• calculations tend to reproduce the shape of the data, 
• discrepancy between none of the experimental distribution and the calcula-
tion is as large as was seen for the 6.8 MeV peak in 12 C(y,p) and 
• MEG contribution brings the calculations closer to the data. 
Table 5.2 also shows a comparison with the previous results, values of K21  and 
fMEC 
5.5 27A1('y, p) 26Mg 
The 27Al(-y, p) excitation spectrum with seven labelled peaks is shown in fig. 
5.7. The greater strength of the continuum compared to the excitation spectrum 
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Figure 5.7: 27A1(-y, p) 26 Mg Excitation spectrum. 
at higher photon energy. The peaks P0 , P1 and P2 are unambiguously iden-
tified as (0.0, 0k), (1.81, 2+) and (2.94, 2+) states respectively. A comparison 
with 27A1(e, e'p) [Lap85] and 27A1(d, 3 He) [Wag69] puts three states (4.33, 2k), 
(4.82, 2+) and (5.50, 4) under P3 with a dominant contribution coming from 
(4.33, 2k). The peak P4 is assumed to be a sum of two peaks at 7.86 MeV and 
9.08 MeV and P5 corresponds to 11.2 MeV peak in (e, e'p). The peak P6 is taken 
as (13.19, 8) [End90]. A 19.4 MeV np-threshold implies no ('y, np) background 
under the peaks. 
In the extreme single-particle model 27A1 has a proton hole in the closed 1d 
subshell. Wagner et al. [Wag69] also found the presence of L = 0 admixtures 
in the ground state of 27A1 and tentatively concluded that such admixtures are 
always smaller than 10%. Following their analysis of 27A1(d, 3 He) we compared 
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Figure 5.8: Comparison of DKO calculations with 27Al(7, p) 26Mg data at E.,, = 
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Figure 5.9: Comparison of DKO calculations with 27A1(7, p) 26Mg data at E7 = 
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Figure 5.10: Comparison of DKO calculations with 27A1(7, p) 26 Mg data at E., = 
73.5 Me V—part III. The solid curves are the DKO results while dashed curves 
include MEG effects in the DKO calculations. 
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2 knockout. For the peak P4 and P5 1p.1 and 1p A knockouts were assumed [Sad9l, 
Wag69], respectively. No attempt was made to calculate the DKO contribution 
in the excitation of P6 as it is not obvious which shell proton is knocked out from. 
The DKO calculations were performed using the spectroscopic factors and BSWF 
parameters from ref. [Wag69] and an optical potential of Schwandt et al. [Sch82]. 
The comparison of the data with the calculations are shown in figs. 5.8 and 5.9. 
Donnelly and Sick [Don84] obtained a r,., value for L = 2 states in 27A1 using 
magnetic elastic electron scattering. Ireland and Steenhoven [1re94] used this 
value and found spectroscopic factors for the ground and the 4.33 MeV states. 
In a second set of calculations we used these spectroscopic factors and BSWF 
parameters along with the spectroscopic factors for P1 and P2 from ref. [Wag69]. 
A comparison of these calculations and the data is shown as solid lines in fig. 
5.10. In general there is not much difference between figs. 5.8 and 5.10 though 
curves are slightly more smooth and closer to experimental shapes. From both 
sets of calculations it is observed that the behaviour of the DKO calculations is 
the same as seen in previous sections, i.e, underestimation of data but seemingly 
reproduction of experimental shapes. The dashed curves once again take into 
account MEC contribution which brings calculations closer to the data. 
Methods Ml and M2 were used to find relative strengths of various transitions. 
Table 5.3 gives the extracted numbers in comparison with the relative strengths of 
('y,p) at 57.5 MeV [Ire9l], the relative (d, 3 He) spectroscopic factors [Wag69J and 
the numbers obtained in a shell model calculation [Wi168]. The last two columns 
in the table show tentative enhancement factors for different transitions of the 
discrepancy between the data and the DKO calculations in going from E7 = 57.5 
MeV to 73.5 MeV and IMEC  respectively. 
EEO 
State (MeV) 57.5 MeV 73.5 MeV (d, 3 He) SM k21 IMEc 
Ml M2 Ml M2 
0.0 1.00 1.00 1.00 1.00 1.00 1.00 -1.0 2.7 
1.81 2.67 3.57 2.94 2.44 3.36 2.56 -1.0 2.8 
2.94 0.58 0.79 1.25 1.00 0.71 1.00 -4.6 2.9 
4.33 8.33 7.14 6.25 5.56 7.14 6.25 -4.2 3.1 
7.86 7.67 6.36 10.50 10.67 - - -4.3 - 
-11 - - 5.94 4.83 - - - - 
-.43 - - 4.00 5.22 - - - - 
Table 5.3: Comparison of relative strengths of 27 A1('7, p) transitions with previous 
results and relative spectroscopic factors deduced in (d,3 He) [Hin68] and a shell 
model calculation [W1168]. Also shown are the discrepancies between the DKO and 
experimental results. 
5.6 209Bi('y, p) 208Pb 
The nucleus 209Bi is the heaviest studied so far in high-resolution (y, p) meas-
urements above the giant resonance region. An excitation spectrum for 209Bi('y, 
p) 208Pb is shown in fig. 5.11. Two peaks seen around 5 MeV come from trans-
itions to groups of states in 208Pb nucleus whereas rest of the peaks are transitions 
to "B and 15N because the Bi target was supported by a foil having 12 C and 160 
as its constituents. There may be some contribution from 4He('y, p) since the box 
containing the target was filled with He in order to reduce background from the 
air. Fig. 5.12 is a magnified version of the excitation spectrum showing only the 
Pb peaks which we are concerned with. 
As is a rule of thumb the density of states in the residual nucleus increases 
with an increase in mass. The two peaks labelled as P1 and P2 are, in fact, 
multiplets the mean energies of which have been taken as 4.1 MeV and 5.4 
MeV after a comparison with 209Bi(d, 3 He) 208Pb excitation spectrum [McC70]. 
The 4.1 MeV group corresponds to configurations of the type ir[1h, (3s)'] 
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Figure 5.12: Magnified 209 Bi('(, p)208Pb excitation spectra. 
93 
I 
0 	 5 	 10 	 15 
E 
09B i(e,elp)2OSPb 
P. = 220, 280> M 
T= 100MeV 
0 	 5 	 10 	 15 
E. [MeV] 	10 
Figure 5.13: 209Bi(e, e'p) 208Pb excitation spectra taken from ref. [Lác93]. 
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Figure 5.14: 208Pb('y, p) 207T1 excitation spectrum taken from ref. [Bob95b]. 
(2d )'] configurations. These two groups also feature strongly in the 209Bi(e, e'p) 
208Pb data as can be seen from fig. 5.13 [Lác93]. The two groups correspond to 
((0.0, (0.35, f)) and ((1.35, (1.68, 1F))  doublets observed in 208Pb(7,p) 
[Bob95b] which are shown in fig. 5.14. A comparison of fig. 5.12 with fig. 5.13 
shows that the relative strength of the two groups is similar to each other in 
the two spectra. There is even an idication of the same relative strength for the 
ground state. 
A comparison of angular distributions with those of 208Pb(7, p) 207Tl is made 
in fig. 5.15. Each of the plots shows that the shapes are in general agreement but 
the absolute magnitudes of 209 Bi results are on average smaller. Note that the 
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Figure 5.15: Comparison of 209 Bi(7, p) 208 Pb and 208Pb('y, p) 207T1. 
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ively. 
For the DKO calculations, the BSWF parameters were taken from reference 
[Woo82] and the spectroscopic factors from ref. [Lác93}. Lác found these spec-
troscopic factors using BSWF parameters from the same ref. i.e. [Woo82]. These 
spectroscopic factors are tabulated in table 5.4 which also shows the spectroscopic 
factors obtained in the reactions 208Pb(e, e'p) and 209Bi(7, p). The method of how 
209Bi(7,p) spectroscopic factors have been obtained is described later in the sec-
tion. The values of the spectroscopic factors in 209Bi(e, e'p) are consistent with 
p-h excitations 209Bi(e,e 1 P) 208 Pb(e,e'P) * 209 Bj(7,p) 
4.1 MeV 5.4 MeV Qui88 Bob95a 
ir[1h, (3si) 1 ] 0.68±0.50 0.57±0.06 0.55 4.77±0.33 
ir[1h, (2d 	
) 	 ] 
0.42±0.26 0.69±0.05 0.57 
0.62±0.10 0.73±0.07 0.54 3.49±0.21 
ir[1h, 	) (2d 	_1]  0.44±0.08 0.55±0.04 0.58 
Table 5.4: Spectroscopic factors divided by (2j+1), where 'j' is the angular mo-
mentum of the s.p. orbital. These were obtained in the reaction 209Bi(e, e'p) 
[Ldc93]. The results obtained in the reaction 208Pb(e, e'p) are also shown. 
* Note that 209Bi('y, P) spectroscopic factors are multiplied by (2j + 1) and they 
correspond to the combined spectroscopic factors of the states involved in each 
group. 
those found in 208Pb(e, e'p) but significantly smaller than the ones reported for 
209Bi(d, 3 He) 208 Pb by Grabmayr et al.. The reason mentioned by Lác [L663] 
for the discrepancy is as follows. The spectroscopic -factors for the (d,3 He) are 
taken relative to the 208Pb(d,3 He) reaction. In this reaction the first four levels 
in 207T1 were assumed to be pure hole states exhausting some fraction of the full 
sum-rule strength and that the 208 Pb core is inert in 209Bi. These assumption can 
be justified if the tensor and short range forces create the same effects in both 
neighbouring nuclei. 
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Figure 5.16: Comparison of DKO calculations with 209 Bi(y, p)208Pb data at 
= 73.5 Me V—part I. The solid (dashed) curves are without (with) MEC effects. 
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Figure 5.17: Comparison of DKO calculations with 209 Bi(7, p) 208Pb data at E7 




circles: 209B1(e, e'p) 
squares: Bi( p);Eg='44 





	 P f1f 	






200 	250 	300 	350 
Pm (MeV/c) 
1 4 	
circles: 209Bi(e, e'p) 
squares: Bi( p);Eg=-44 











200 	250 	300 	350 
Pm (MeV/c) 
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have been taken from ref. [Var91J, these parameters were found for nuclei with A = 
40-209 and T = 10-65 MeV. A comparison of the data with the DKO calculations 
(solid curves) is shown in fig. 5.16. The upper and lower curves correspond to the 
upper and lower limits of spectroscopic factors given in table 5.4. It can be seen 
from the fig. 5.16 that the results of the calculations are almost similar in shapes 
to the data. Assuming that the 'true' DKO results lie in between these two curves 
the calculated cross sections are found almost to be equal in magnitude to the 
experimental ones for the 5.4 MeV group at both photon energies. The 4.1 MeV 
group, however, seems to be underestimated by the calculations by less than an 
order of magnitude. These DKO results are in harmony with the DKO results for 
208Pb('y, p) [Asc96] where the measured and the calculated cross sections show a 
fair agreement. This agreement may be taken as an indication that MEC effects 
are less important in heavier nuclei. The dashed curves in fig. 5.16 incorporate 
MEC effects to the DKO calculations. For an incident photon energy of 43.7 MeV 
the MEC contribution raises the DKO curves for 4.1 and 5.4 MeV by factors of 
3.2 and 3.5 respectively. Results at F., = 52 MeV for the two groups (4.1 and 
5.4 MeV) are enhanced by 3.0 and 3.2 due to the inclusion of MEG effects. The 
sensitivity of the calculations to the optical model parameters is seen by using 
another optical model potential from ref. [Bec69]. These parameters were found 
for A > 40 and T < 50 MeV. A comparison of the data with these calculations 
is also shown in fig. 5.17. The same observation holds for the magnitude of these 
results as seen for optical potential of ref. [Var9l] but this optical potential fails 
to reproduce the shapes of the experimental distributions. 
Finally a comparison of momentum densities found in 209Bi(e, e'p) 208Pb and 
209Bi(7, p) 208Pb reactions is made in fig. 5.18 which might be of some import-
ance. The data for 209Bi(e, e'p) 208Pb reaction were taken from ref. [Lac93]. The 
209Bi(7, p) 208Pb data were produced in the following way: The DKO cross sections 
were first calculated assuming unit spectroscopic factors. Ratios of experimental 
cross sections to DKO-calculated cross sections were then found at each proton 
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emission angle. Note that the mean of this ratio is equivalent to finding a spec-
troscopic factor assuming that DKO is the direct process. These spectroscopic 
factors are shown in table 5.4. The missing momenta equivalent to these proton 
emission angles were found using (B.20). The momentum density points at these 
missing momenta in the BSWFs which were used to calculate the DKO cross sec-
tions were multiplied by these ratios to obtain the results shown in fig. 5.18. It 
is observed that the 5.4 MeV group momentum densities match reasonably well 
both in magnitude and shape whereas 4.1 MeV group shows higher momentum 
densities and a steeper slope than found in 209Bi(e, e'p) 208Pb. 
5.7 Conclusions and Outlook 
Angular distributions of experimental cross sections for the ('y, p) in 12 C, 14N 
and 27 A1 have been obtained at higher energies than previously reported. All 
the results exceed DKO calculations by larger factor than those observed at the 
lower energies although the shapes of the measured angular distributions are in 
rough agreement with the predicted shapes. The inclusion of a MEC contribution 
applied in an approximate way brings the calculations closer to the data but are 
insufficient to bring calculation and data into reasonably close agreement. The 
new data therefore strengthen the conclusions reached in considering the lower 
energy data namely that there is a need for a more exact account of MEC effects 
and other mechanisms such as long- and short-range correlations. 
As mentioned earlier, the purpose of run A was to gain insight into how the 
anomalously strong excitation of the 7 MeV triplet of states in "B arises. It was 
hoped that a measurement of the 14 N('y,p) 13C reaction leading to the resolved 
states in ' 3C with similar structures to the 11 B states would lead one to conclude 
which member or members of the triplet are strongly excited. Unfortunately the 
14N measurement failed to serve this purpose emphasising that higher resolution 
102 
12C(7,p) measurements will be required to understand the process. A possible 
way to see how this triplet is excited is to study 12C('y, 7'p) reaction. In this 
reaction the incident photon excites the states in the triplet which emit photons 
on deexcitation. A coincidence between the emitted photon ' and the proton, 
provided the 7-detector has sufficiently good resolution, would help distinguish 
the relative strengths of the three states and discern the reaction mechanism in 
each case. 
Now turning to the 209Bi measurements we note that the new results complete 
the set of complementary reactions 208Pb(e, e'p)207T1, 208Pb('y, p) 207T1, 209 Bi(e, 
elp)208Fb and 209Bi(7, p) 208Pb. It is seen that the DKO calculations come in reas-
onable agreement with the experimental angular distributions. They explain the 
magnitude of the 5.4 MeV group at both photon energies (43.7 and 52 MeV) 
and the 4.1 MeV group is underestimated by less than an order of magnitude. A 
comparison of proton angular distributions in 209Bi('y, p) and 208Pb('y, p) shows a 
good agreement in shapes although the absolute magnitudes of the 209Bi results 
are on average smaller. A MEC contribution raises the DKO calculations and 
results in an overestimation in the case of 5.4 MeV data at both photon energies. 
This indicates that MEC effects are not very important for a heavy nucleus such 
as 209Bi. The findings for the 209Bi(7, p) 208 Pb reaction agree very well with those 
for the 208Pb(7,p)207T1 reaction [Asc96]. The present analysis encourages a larger 
volume of data to be collected for a definite conclusion. This larger data should 
also be able to give a good strength of the ground state peak. A 209Bi(7, n) 208 Bi 
reaction might also be interesting because if MEC effects are not much signific-
ant in the 209Bi(7, p) 208Pb reaction, DKO calculations should be able to explain 
209Bi(7, n) data as well. 
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Appendix A 
Measured Cross Sections 
Cross-sections in the following tables are given in units of iib/sr. The uncertainties 
quoted are statistical. The systematic uncertainties in the case of ' 2C are 23%, 
14N, and 27A1 24% while for 209Bi these are 15%. 
12 C(7, p)"B 
<E >= 73.5MeV 
9 Ground state 2.12 MeV 5 MeV 6.8 MeV 
54.8 7.849±4.136 1.124±0.635 1.250±0.652 3.193±1.362 
61.7 11.519±0.664 2.289±0.265 1.464±0.243 3.976±0.366 
71.0 7.633±0.347 1.592±0.163 1.304±0.155 4.023±0.259 
78.6 5.540±0.325 1.213±0.169 0.898±0.160 3.822±0.284 
84.3 2.967±0.220 0.833±0.117 0.542±0.112 2.160±0.195 
90.0 2.448±0.180 0.596±0.093 0.581±0.075 3.033±0.210 
95.8 1.590±0.154 0.607±0.099 0.499±0.102 2.135±0.179 
101.4 1.417±0.165 0.406±0.098 0.424±0.109 2.602±0.219 
109.0 0.739±0.100 0.366±0.078 0.422±0.080 1.945±0.163 
118.3 0.578±0.127 0.245±0.090 0.412±0.120 1.535±0.204 
125.2 0.157±0.139 0.090±0.124 0.402±0.235 1.90 1±0.809 
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14N(7, p)' 3 C 
<E7 >= 73.5MeV 
O Ground state P1 P2 P3 P4 
54.8 8.952+5.858 3.315±3.000 9.278±5.141 
61.7 4.041±1.261 7.814±1.891 4.717±1.465 12.901±1.985 
71.0 4.310+0.679 2.651±1.003 6.533±1.126 3.156±0.906 8.674±1.220 
78.6 2.515±0.671 0.481±0.958 2.089±1.145 1.621+0.910 4.146+1.244 
84.3 1.696±0.457 0.884±0.612 3.100±0.762 1.383+0.643 4.812+0.841 
90.0 1.479±0.313 1.818±0.451 3.446+0.544 1.503±0.472 3.693±0.662 
95.8 2.131+0.365 1.682±0.478 2.049±0.620 0.778+0.480 1.612+0.692 
101.4 1.190±0.364 0.731±0.567 1.707±0.712 0.200+0.591 3.482+0.860 
109.0 0.783±0.296 0.245±0.416 0.356±0.462 0.136±0.439 0.450+0.620 
118.3 0.003±0.325 0.278±0.531 0.839±0.563 0.994+0.719 
125.2 0.825±0.813 3.035±1.939 0.712+0.892 0.983±1.344 
27A1(7, p) 26Mg 
<E7 >= 73.5MeV 
9 Ground state P1 P2 P3 P4 
54.8 2.394±2.495 5.662±5.191 1.485+1.428 12.737±9.270 15.912±2.987 
61.7 1.334+0.483 5.489±0.783 2.920±0.532 13.600+1.235 22.858±1.701 
71.0 1.067±0.265 2.032±0.345 0.767±0.266 7.142±0.626 13.749+0.861 
78.6 0.127±0.166 1.432+0.319 0.450+0.230 3.896+0.523 7.865±0.790 
84.3 0.216±0.122 0.839±0.208 0.171+0.171 1.527±0.326 5.434+0.573 
90.0 0.196+0.088 0.587+0.143 0.039±0.107 2.626+0.269 5.391+0.428 
95.8 0.128+0.139 0.064+0.098 0.786+0.214 2.465±0.414 
101.4 0.051+0.118 0.050±0.118 0.100±0.112 0.768+0.242 3.190+0.461 
109.0 0.055±0.104 0.252+0.144 0.161+0.112 0.797±0.236 2.408+0.349 
118.3 0.253+0.174 0.738±0.317 3.038+0.516 
125.2 0.237±0.408 1.096+0.822 
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27A1(7, p) 26 Mg 
<E7 >= 73.5MeV 
P5 P6 
54.8 10.644±6.070 5.161±3.138 
61.7 11.885±1.159 8.306±1.016 
71.0 7.579±0.635 5.758+0.593 
78.6 3.872+0.587 3.555+0.540 
84.3 3.532±0.464 2.612±0.414 
90.0 2.149±0.370 2.110±0.358 
95.8 1.943±0.342 1.149+0.306 
101.4 1.534±0.361 2.241±0.390 
109.0 2.356±0.339 2.304±0.337 
118.3 1.366±0.431 1.229±0.420 
125.2 0.438±0.546 2.520±1.629 
<E >= 43.7MeV 
9,, 4.1 MeV 5.4 MeV 4.1+5.4 MeV 
46.6 4.03±2.63 1.40±2.37 5.44±3.56 
52.2 4.46±1.55 7.54±1.74 12.00±2.40 
60.7 4.20±1.25 4.67±1.27 8.86+1.82 
70.3 5.47±1.43 6.31±1.48 11.78+2.13 
79.8 9.44±2.39 6.48±2.10 15.92±3.39 
87.5 6.07±4.26 14.57±6.40 20.64±8.41 
93.0 8.05±3.51 5.79±3.51 13.84±5.39 
101.0 4.70±1.37 5.35±1.55 10.06±2.26 
109.8 3.17±1.01 3.22+1.10 6.39+1.62 
118.6 0.11±1.02 3.06±1.72 3.17±2.00 
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209Bi('y, p) 208 Pb 
<E7 >= 52MeV 
O, 4.1 MeV 5.4 MeV 4.1+5.4 MeV 
46.6 3.35+1.96 3.99+2.12 7.35±3.03 
52.2 2.52±0.95 3.23±1.03 5.75+1.45 
60.7 2.08±0.70 3.27±0.81 5.34±1.10 
70.3 2.00±0.77 4.22±0.99 6.22+1.31 
79.8 4.21+1.54 5.36+1.79 9.75+2.62 
87.5 4.73+3.06 0.41+1.95 5.15±3.69 
93.0 3.63±1.60 4.61±1.87 8.24+2.82 
101.0 0.58±0.45 1.74+0.66 2.31+0.83 




First of all define P as a four momentum vector in the Laboratory frame (L) such 
that 
p = (E1 ,p) 
where i = 'y, t, p and r for photon, target, proton and residual nucleus respectively. 
Figure B.1 shows the relationship between various quantities in the L-frame. The 
angles O, and °r  are the angles which the emitted proton and the residual nucleus, 
respectively, make with the direction of the incident photon. The corresponding 
quantities in the center of momentum (CM) frame will be represented with a tilde. 
Figure B.2 represents the ('y, p) reaction in the CM-frame. 
Using natural units i.e., h 	c 	1 the conservation of energy and linear 
momentum equations in L-frame are 
E7 +mj=Ep +Er =ET 	 (B.1) 
Jy = PpCOSOp + Pr 0r 	 (13.2) 
PpSflOp = Pr 0r 	 (B.3) 








Figure B.1: The (,p)  reaction in Laboratory frame. 
The momentum of the recoil nucleus is given by the theorem of cosines 
	
Pr2  = p7 2 + p2 - 2p7pcos9 	 (B.4) 
The magnitude of the momentum of the proton can be related to its kinetic energy 
T7 by using the relativistic energy momentum relation 
E,=p 2 +m 	 (B.5) 
and the relation 
E=T+m 	 (B.6) 
pp= 17 + 2mpTp 	 (B.7) 
109 
CM-frame 
Figure B.2: ('y, p) reaction in Centre of Momentum frame. 
B.1 Photon Energy 
The energy of the residual nucleus is given by 
E 2 =Pr2 + m. 	 (B.8) 
where mr. is equal to the rest mass plus the excitation energy:- 
mr.=Ex +mr 	 (B.9) 
Substitute B.4 for recoil momentum to get 
E, =+ Pp2 - 2p7pcos9 + m. 	 (B.10) 
Equating this expression to B.1 and using E7  = p7 results in 
E, =(E7 +m—E) 2 = E7 +2E7 (m—E)+(m j —E) 2 	(B.11) 
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2E7 (mj - Fir) + (mi - E) 2 + 2E7pcosO = p + m. 
1p+m. —(m j —E) 2 
E -  2 mt - E + p,,cosO 
which can finally be written after putting B.6 and B.7 
1 	
(B.12) E7 = 
mt - - m + 	+ 2mTcosO 
Where 7 and O, are the two observables. [, is the kinetic energy of the proton 
and O is the detection angle of the proton. 
B.2 Excitation Energy 
Put 
m. = JE 7 pr2 	 (B.13) 
in equation B.9 to obtain 
Ex = JE_pr2 _mr 	 (B.14) 
The energy of the recoil nucleus can be given by using energy conservation relation 
and B.6 
E=(E7 +mt —E) 2 =(E7 +mt —T—m) 2 
Express the recoil momentum using equations B.4 and B.7 as 
= + T, + 2mT - 2p/T + 2mT9cosO 
to give finally the excitation energy as a function of 'I,, 0,, and E7 . 
E. = V(E, + Mt — TP — MP)2 - E,2 f — TP2 — 2m pTp + 2Ey VTP2 + 2mpTpcosOp — M, 
(B.15) 
Where E7  = p7 has been used. 
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B.3 Proton Energy 
The energy of the recoil nucleus (B. 10) is 
E, = Py2  + Pp2 - 2ppcosO + m. 
Rearrange B.1 to get 
Now setting E7 = p7 , equating and then rearranging the above two expressions 
gives 
(E1, + mt ) 2 + E - - E - m. = 2E(E7 + mt) - 2E7pcosO 
Now use ET = E.) + mj and the relative energy-momentum relation to get 
E + m - - m, = 2EPET - 2E7JE2 - mcos9 
Define 
(B.16) 
and rearrange the above expression to obtain 
(4E - 4Ecos29)E 2 -4AETE + (4Emcos 29 + A2) = 0 
This quadratic in total proton energy, E, can be solved and the positive solution 
is retained. 
E 
AET + E7 cosOiJA 2 - 4m(E - Ecos20) 	
(B.17) 
2(E - Ecos29) 
B.4 Missing Momentum 
In a direct knockout model the missing momentum, Pm,  is associated with the 
3-momentum of the proton in the nucleus before the absorption of the photon. 
IPmHHPrI 	 (B.18) 
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Once again using E7 = p7 , we get 
PM = E +p - 2E7pcos8 	 (B.19) 
Now replace p by E - m and PJ by Tp + m to get the missing momentum in 
terms of the observables. 
Pm = VE, 2Y + T + 2mT - 2E7 /T + 2mTcosO 	(B.20) 
B.5 Transformation from CM- to L-frame 





and the incoming photon energy is 
mE-1 
= ,/m(2E7 + mi) 	
(B.22) 
Then the total energy of the system in the CM-frame is given by 
ET = ET'./l - v 2 , 	 (B.23) 
and the momentum and energy are given by 




Ep = 	 (B.25) 
2ET  
The angles in the two frames are related by 
op - cosJ + v() 
 
fp cot (B.26) 
- sin9./1_ v2' 
and the ratio of solid angle in the L-frame to that of CM-frame is given by 
dflL - (1 + vcosOp)sin
OP 	 (B.27) 




Optical Potential Parameters 
The following optical potential parameters were used for 209 Bi('y, p) calculations. 
These parameters have been taken from ref. [Var9l}. N, Z and A are the number 
of neutrons, the number of protons and mass number of 208Pb. 77, is the proton 
energy in MeV and R is the coulomb radius. The parameters radii and diffuse-
nesses are in fm. The potential depths are calculated in MeV's. 
Real well parameters 
Vr = 52.9 - 0.299(7 - E) + 13.1 
Ec = 1.73k 
= 1.24A + 0.12 
R = 1.25A - 0.225 
a = 0.690 
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Imaginary well parameters 
W = (10.0 + 18.01)[1  + exp(( TP__36 —1 37.0 
WV = 7.8[1 + exp(35O_(TP_)]_1 16.0 
R = 1.33A' - 0.42 
aw = 0.69 
Spin-orbit parameters 
V80 =5.9 
R30 = 1.34A - 1.2 
a50 = 0.63 
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